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In nature, molecular recognition occurs via specific non-covalent interactions between 
molecules that are geometrically and chemically complementary to each other. The 
recognition phenomenon is essential for the functioning of numerous biological 
processes, and it has evolved to the extent that a ligand of interest can be adsorbed by 
a receptor from a mixture containing numerous other molecules with similar size and 
structure. The most widely known system of molecular recognition, the antibody-
antigen system, has been exploited practically for applications in enzyme catalysis and 
analytical separations. In spite of the successes achieved, the natural affinity tools like 
antibodies have poor physical, chemical and long-term stabilities. Additionally, the 
associated high costs of production will often limit their prolonged usage in diagnostic 
assays. In order to overcome some of these disadvantages, scientists were motivated 
by the vision that recognition by design could lead to the development of synthetic 
molecular recognition materials that can mimic biological functions. 
Molecular imprinting is a viable and effective technology that can create polymeric 
mimics of natural biomolecules possessing comparable molecular recognition and 
binding capabilities. The technique has been commercially used in fields like chemical 
analysis, separation science, chemical and biosensing technologies primarily for small 
molecules. Molecularly imprinted polymers (MIPs) having molecular memory of the 
shape and functionalities of biomacromolecules are particularly advantageous and in 
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great demand across the pharmaceutical, environmental and medical fields due to their 
overall robustness, reusability and relatively lower costs of production.  However, the 
application of imprinting techniques to large biomolecules like viruses is a 
challenging task and has not been studied to a great extent.    
In this thesis, molecularly imprinted artificial receptors were developed for the 
recognition and adsorption of viruses. Miniemulsion polymerization was employed as 
the polymerization method enabling surface imprinting on nanoparticles and virus 
recognition in aqueous media. In the first part, a great deal of effort was spent on 
creating synthetic receptors capable of selectively recognizing protein templates and 
understanding their recognition and adsorption behaviour in competitive 
environments. The information on competitive protein adsorption behaviour of MIPs 
is essential for their efficient functioning during real time applications. In the later 
part, the imprinting techniques were directed towards proteins found on viral shells 
and surface imprinted memory of viruses was created on nanoparticles. A mechanism 
of imprinting and recognition of viruses through miniemulsion polymerization was 
presented, and the fabricated nanoparticles displayed significant virus rebinding 
specificity in aqueous medium.  Following this, a first-time investigation was 
conducted on the application of molecularly imprinted polymeric receptors for treating 
viral infections. The virus imprinted nanoparticles displayed positive antiviral results 
that significantly hindered viral infections as compared to the control samples. The 
results presented in this thesis exemplify the future potential of macromolecularly 
imprinted polymers as an attractive, alternative affinity tool to antibodies
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1.1. Background 
Highly specific molecular recognition can be considered to be the driving force behind 
many biological processes. Nature has provided many intriguing examples of 
recognition involving ligand-receptor complementarity such as enzyme-substrate, 
avidin-biotin and formation of mRNA from DNA templates. Additionally, the action 
of a drug binding to its target and most of the cellular events such as cell division, 
ECM secretion, motility and apoptosis also rely on the phenomena of molecular 
recognition. The most widely known recognition system occurring in the human 
immune system is the antigen-antibody interaction that has been extensively harnessed 
in the development of technologies such as enzyme-linked immunosorbent assay 
(ELISA), and for protein separation in affinity liquid chromatography. Dynamic 
natural recognition systems are largely driven by non-covalent forces such as 
hydrogen bonding, hydrophobic, ionic interactions, van der Waals forces and π 
interactions. The recognition systems are usually characterized by association 
constants with high orders of magnitude ranging from 106 to 1015 M-1 and enormous 
binding specificity (Hansen 2007). Inspired by nature coupled with advances in 
biochemistry and increased understanding of biomolecular recognition processes, 
scientists aimed to design molecular recognition systems using synthetic materials. 
One such promising technique that has aided in the visualization of this goal is 
molecular imprinting. 
 
Molecular imprinting is a versatile and convenient technique that follows a non-
biological approach to replicate the molecular recognition behaviour of natural 
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molecules like antibodies using polymers. Analogous to the process of creating a 
mould by stamping a three-dimensional (3D) object into soft clay, the technique 
involves the creation of imprinted or recognition sites within a polymer matrix 
through the specific assembly of monomers around the template-to-be imprinted. With 
a wide range of chemical functionalities and tailored mechanical properties, 
molecularly imprinted polymers (MIPs) have been commercially useful in many 
applications such as separation and purification, analytical chemistry and sensing, 
mainly for an increasing range of small chemical molecules.  
 
Across the biomedical, pharmaceutical and environmental sectors, there exists an 
enormous demand for selective and high affinity synthetic receptors that can act as 
antibody mimics in immunoassays, as recognition elements in biosensors, as 
adsorbents in immunochromatography, as enzyme mimics in catalysis, or as carriers 
in targeted drug delivery applications. Thus, a significant percentage of researchers in 
the molecular imprinting community are currently focussing on imprinting of 
biomacromolecules. The resultant polymeric receptors acting as potential substitutes 
for biological molecules like proteins, DNA or viruses, will be extremely 
advantageous owing to their stability, reusability, durability, straightforward synthesis 
and lower production costs. However, the explosive growth of research witnessed 
within the field of molecular imprinting is not reflected in its principal subdivision of 
biomacromolecules imprinting. This suggests intrinsic limitations in the scalability of 
traditional imprinting approaches from small to large molecules. Traditional 
imprinting techniques mostly engage bulk polymerization methods producing dense 
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polymer monoliths that require post-synthesis treatments like grinding and sieving. 
This processing commonly leads to polymer wastage and produces irregularly sized 
and shaped polymers, narrowing the eventual function of the MIPs. Also, such highly 
cross-linked bulk imprinted polymers pose diffusional limitations reducing the 
efficiency of template removal and rebinding of macromolecules like proteins. 
Additionally, the sensitive nature of biomolecules necessitates the imprinting process 
to be performed in aqueous medium. In response to these issues, Tan and Tong 
(2007c) had previously proposed surface imprinting of proteins using miniemulsion 
polymerization in aqueous medium and had successfully fabricated molecularly 
imprinted polymeric nanoparticles that can specifically adsorb and separate 
biomacromolecules such as proteins.  
 
Moving up the size ladder, in this PhD research, the development of an approach for 
molecular imprinting of viruses was studied. A virus is a gene transporter that contains 
the most basic level of nucleic acids protected by a capsid (coat) encoded by the viral 
genome.  Instead of targeting individual viral protein residues, an artificial receptor for 
the entire virus was created through the imprinting process. A simple bacteriophage 
was employed as the model virus, and miniemulsion polymerization was employed to 
fabricate sub-micron scale imprinted particles. Miniemulsion polymerization is an 
effective imprinting polymerization system, which involves the dispersion of 
monomers in a continuous phase and the stabilization of this dispersion by a surfactant 
or emulsifier. This polymerization system is known to give highly regular and 
monodispersed polymeric particles as small as 50 nm. The high polymerization rate 
Chapter 1 | Introduction 
| 5  
 
and excellent heat dispersal ability due to the low viscosity of the continuous phase 
makes it a suitable imprinting polymerization system for large-scale industrial 
applications. It is hypothesized that the template virus having abundant water-soluble 
protein residues on its capsid surface, when mixed with the miniemulsion, will 
position across the water-oil phase boundary which was formed by the surfactant 
micelles. After the miniemulsion polymerization step, the resultant nanoscale virus 
surface imprinted particles will provide a large surface area for specific adsorption of 
template viruses. Consequently, it is hypothesized that the virus adsorption by the 
imprinted polymers leading to viral inactivation can be exploited to prevent infection 
of host cells, completely eliminating the need for any immune response.  
  
1.2. Hypothesis 
The behaviour of the virus having abundant water-soluble protein residues on its 
capsid surface to bind to the water-oil interface can be exploited to create 
complementary polymeric mimics of viral protein shells via miniemulsion 
polymerization. Also, it is hypothesized that molecular imprinting can produce 
nanoscale particles with large surface area that can specifically target and capture 
viruses to prevent them from infecting host cells. 
 
1.3. Research objectives 
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The objective of this thesis is to develop artificial receptors through nanoparticle 
surface imprinting via miniemulsion polymerization. The receptors can be used for 
recognition and adsorption of biomacromolecules like viruses for use in the treatment 
of viral infectious diseases. 
 
The specific research objectives of this thesis are:  
1) To study and understand the critical factors controlling the adsorption 
behaviour of protein surface imprinted particles in a complex environment.  
 
2) To develop, optimize and understand surface imprinting of viruses through 
miniemulsion polymerization. 
 
3) To demonstrate the use of virus imprinted polymers as antiviral agents targeted 
at infectious disease treatment. 
 
1.4. Scientific and clinical significance 
Viruses are pathogens that have the capability to infect all types of organisms. In 
particular for humans, viral infections and diseases such as AIDS, hepatitis, dengue 
and influenza pose significant social and economic problems. At present, the most 
common routes of controlling viral diseases are through vaccinations and antiviral 
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drugs. Common antiviral drugs include polymerase inhibitors, fusion, neuraminidase, 
and virion assembly inhibitors, channel and transcription blocking compounds and 
immunoglobulins each targeting different stages of viral infection (Zoulim 2006).  
However, most of the drug therapies fail to produce a 100% antiviral activity due to 
complexities involved in the viral infection pathways, drug resistance owing to viral 
mutations and drug toxicity.  On the other hand, viral vaccines have been exceedingly 
successful in preventing infections, for example, against smallpox, polio and measles, 
producing an enormous positive impact on world health over the last 50 years. 
However, vaccines are sometimes limited by poor and short-lived immune responses, 
fragility, danger of reversion to virulence (for live vaccines), high costs, and 
restriction to mutations and viral strains. Hence, the increasing threat of pandemics 
and mortality rates causing an urgent need for an effective antiviral therapy provided 
the main motivation for this PhD study. A nonconventional antiviral treatment method 
using MIPs was proposed where viruses are not removed or killed by drugs, 
antibodies from vaccinations, but, by binding with imprinted polymers that will 
sequester the captured viruses to prevent an infection. 
 
This work is the first effort on the utilization of molecularly imprinted materials as 
antivirals for disease treatment. With the paucity of research on viral imprinting, there 
have been only few reports of success. Majority of the virus MIP systems have been 
designed only to detect the presence of viruses in small quantities (Hayden et al., 
2006; Tai et al., 2010). However, the nanoparticle surface imprinting technique via 
miniemulsion polymerization can create polymeric ‘virus catchers’ that will 
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specifically adsorb and capture high amounts of viruses from contaminated blood or 
sera.  Imprinting using miniemulsion polymerization has been reported previously for 
small molecular templates (Vaihinger et al., 2002) and proteins (Tan and Tong 
2007a).  Currently, this is the first known report on the application of miniemulsion 
polymerization to prepare nanoparticles having a specific surface imprinted memory 
of viruses.   
 
Molecular imprinting shows great promise in revolutionizing the biomimetics field, 
and the day imprinted materials replace biological molecules is imminent. The work 
presented in this thesis provides crucial information for the efficient application of the 
molecularly imprinted polymers in separation processes. It significantly contributes to 
the development of a novel application of MIPs as antiviral agents providing cheaper, 
more stable and a safer alternative to traditional antiviral therapies, potentially 
impacting the environmental sciences and healthcare areas.  The findings represent a 
significant breakthrough in the field of molecular imprinting and antiviral therapy, 





















A brief history, the underlying principles and applications of molecular imprinting 
technology, the challenges involved in imprinting large biomolecules and the novel 
strategies proposed to overcome the limitations will be described to provide a basic 
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2.1 Molecular imprinting 
"Every failure brings with it the seed of an equivalent success."  
– Napoleon Hill 
Numerous published works reporting proof-of-concept studies and hypotheses have 
been consequently disproved and hastily forgotten. However, there has been a 
significant few that have sown the seed for novel and attractive fields of study. One 
such example is the theory proposed on the formation of antibodies in the immune 
system (Figure 2.1). 
 
Figure 2.1 An illustration of the theory proposed by Linus Pauling on antibody 
formation in the immune system. The figure shows the proposed mechanism by which 
an antigen imprints structural information into an antibody molecule. Reprinted 
(adapted) with permission from (Pauling 1940). Copyright © 1940 American 
Chemical Society. 
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Pauling (1940) suggested that the antigen molecule determined the conformation of 
the antibody and the antigen-antibody binding induced (imprinted) a cavity in the 
antibody molecule, complementary in morphology and stereo chemical properties to 
the antigen molecule.  The theory was similar to the famous “lock and key” model for 
molecular recognition previously put forward by Emil Fischer (1894). Although 
Pauling’s hypothesis was later proven wrong, it provided an inspiration for several 
chemists who tried to translate the idea to synthetic systems. The first experimental 
demonstration of the idea was shown by Pauling’s student, Dickey (1949). He proved 
that specific adsorbents using silica could be prepared in the presence of small dye 
molecules that were able to rebind the same dye molecule selectively than a blank gel. 
Following these studies, there were none reported, and it took almost 20 years until 
two reports on molecular imprinting using organic polymers surfaced, both of which 
are widely recognized as the pioneering works to the field of molecular imprinting. 
Wulff et al., (1973) showed a molecular recognition synthetic system achieved by 
imprinting functional monomers covalently linked to template molecules and 
Andersson et al., (1984) succeeded in imprinting through self-assembly of acrylic 
monomers. These studies ignited the interest of the scientific community, and since 
then, the volume of literature on molecular imprinting has dramatically increased.  
 
Currently, molecular imprinting is the most promising strategy for the synthesis of 
functionally smart synthetic receptors that can specifically adsorb predetermined 
target molecules. The technique involves the formation of specific recognition sites in 
a synthetic polymer matrix (“the lock”) that are complementary to the size, shape and 
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functional group orientation of the substrate molecule (“the key”). The result is the 
creation of molecularly imprinted polymers (MIPs) having comparable recognition 
and binding capabilities as to natural biomolecules. Traditionally, all imprinted 
polymers are synthesized by a strategy as illustrated in Figure 2.2. The template is first 
allowed to interact with the functional monomers in a pre-polymerization mixture. 
The polymerization reaction is then initiated to freeze the template-monomer 
complex, in the presence of a cross-linker and a suitable solvent. The template is then 
extracted creating a polymer matrix with specific recognition for the template 
molecule of interest.  
The imprinting process can be classified broadly based on the type of driving force, 
covalent or non-covalent, utilized in the initial pre-polymerization step. Covalent 
method involves imprinting of templates covalently linked to monomers. The first 
successful application of the covalent approach was for a simple sugar using a boronic 
acid derivative as the functional monomer (Miyahara and Kurihara 2000). The 
monomers should form a bonded complex that is stable during the polymerization step 
and easily cleavable under mild template extraction conditions, thereby, limiting the 
choice of polymerizable monomers for covalent imprinting. Though the covalent 
imprinting approach is considered to be more stable and selective, the recognition and 
rebinding of the template molecules is slow as compared to non-covalently imprinted 
polymers. Non-covalent or the self-assembly approach involves non-covalent or metal 
ion coordination interactions between the template and the functional monomers. This 
method of imprinting is versatile owing to ease of template removal and rebinding, 
wider choice of monomers that are commercially available and hence more frequently 
applied (Andersson et al., 1984).  
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Figure 2.2 A schematic illustration of the traditional process of molecular imprinting 
(MIP – Molecularly Imprinted Polymer). 
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Though MIPs based on the non-covalent approach are much easier to fabricate, the 
recognition properties are relatively inferior as compared to covalently imprinted 
polymers (Wulff et al., 1973). Combining the best of both approaches is the semi-
covalent method, involving covalent attachment of the template molecules, where 
after template extraction, the subsequent adsorption occurs by non-covalent 
interactions, and the approach was first demonstrated for imprinting of cholesterol 
(Klein et al., 1999). 
 
In any of the above mentioned routes, the success of the imprint system is largely 
dependent on the choice of the monomers and solvent used. The solvent chosen, 
acting as a porogen, should create well-defined pores, increase the pore surface area, 
dissipate the heat generated in the polymerization and should be least reactive with the 
template-monomer complex.  Natural receptors are generally characterized by 
homogenous distribution of binding sites leading to exceptionally high specificity and 
affinity towards their targets. However, the synthetic receptors prepared by the 
imprinting technique majorly suffer from binding site heterogeneity having a 
distribution of association constants (KA). Thus, the method of stoichiometric 
imprinting was introduced to minimize this problem, and, functional monomers 
possessing a high affinity for the template was incorporated to reduce the effective 
number of free functional monomers in the pre-polymerization mixture (Lubke et al., 
2000). The cross-linking monomers determine the mechanical stability of the imprint 
and should be chosen with similar reactivity as the functional monomer.   
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Molecular imprinting technology has been extensively studied and reviewed for 
organic molecules in aprotic solvents (Jiang et al., 2007) and has been commercially 
harnessed by a number of companies such as Aspira bio systems (California) and 
MIP-Globe (Switzerland) which currently sell tailor-made imprinted materials mainly 
for small molecules. From the early years, one of the main applications of MIPs has 
been in chromatography and solid phase extraction for separation (Dias et al., 2008; Li 
et al., 2009; Li et al., 2006; Lu et al., 2009; Maier and Lindner 2007; Okutucu et al., 
2008), purification (Shi et al., 1999) and preconcentration. MIPs have also been 
reported as long-acting enzyme mimics (Sellergren 2010) and drug delivery agents 
(Puoci et al., 2008) for pharmaceutical applications. In the future, imprinted materials 
could be used as a blood purifier for removing unwanted substances. For instance, 
MIPs could be packed into columns and used as an extracorporeal cleansing system 
similar to a haemodialysis unit. Additionally, the affinity of the MIPs towards their 
target could even be used to develop molecularly imprinted sorbent assays as 
alternatives to immunoassays. Developing sensors using MIPs as recognition elements 
is possible now for small molecular templates (Lieberzeit and Dickert 2008). 
Eventually, multifunctional MIP sensors that can detect toxins and pathogens such as 
anthrax could be developed, which would be an attractive diagnostic tool useful in 
chemical and bio warfare.  
 
2.2 Molecular imprinting of biomacromolecules 
An antibody is a specialized immune protein that can recognize and adsorb a target 
molecule (an antigen) with high specificity and affinity. Based on the origin and 
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specificity, antibodies are generally classified as monoclonal or polyclonal. 
Antibodies have high specificity to their targets and are derived from a single cell line. 
They have been extensively used as affinity tools in diagnostics, purification and 
therapeutics; however, problems like fragility and non-reusability are often associated 
with these natural molecules, which limit their extended usage in separation and 
diagnostic assays. Additionally, the production and purification of antibodies is 
laborious, expensive and requires the maintenance of animals. Hence, long-lasting 
mimics of antibodies prepared through molecular imprinting, having the ability to 
target biomacromolecules are a valuable affinity tool for a number of applications. 
Molecularly imprinted materials are mechanically and chemically more robust, 
reusable and easily reproducible on a large scale. As compared to antibody 
production, the synthesis of MIPs is relatively simple and less time-consuming and 
more cost-effective. Recent years have seen the development of novel strategies for 
imprinting small biomolecules like amino acids, peptides (Hoshino et al., 2010) and 
nucleotides (Sellergren 1997) to large templates like proteins (Tan et al., 2008a; Tan 
and Tong 2007a, 2007c; Tan et al., 2008b) and even whole cells (Seifner et al., 2009). 
Potential applications where molecular imprints targeting cells or viruses could be 
used are targeted drug delivery, diagnostics and therapeutics. A discussion on the 
general strategies of imprinting, their merits and demerits, will be presented in the 
following sections.  
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2.2.1 Bulk imprinting  
The traditional imprinting process (Figure 2.2) involves imprinting in the bulk of the 
polymeric matrix producing three dimensional (3D) recognition sites for the entire 
template that can bind large amounts from solution. Though the strategy has been 
remarkably successful for small molecular templates (Kandimalla and Ju 2004), 
reports of bulk imprinting of macromolecules have been relatively less reflecting the 
difficulties faced when imprinting large, complex and fragile biomolecules. The 
superior affinity and specificity, which was obtained, for bulk imprinted materials 
targeting small molecules could not be reached for macromolecules (Venton and 
Gudipati 1995a, 1995b). The traditional MIP technology generally involves synthesis 
in organic solvents producing dense polymer monoliths that require post-synthesis 
processing such as grinding and sieving (Sellergren et al., 1988). The post treatment 
procedures are generally time-consuming and result in a significant amount of 
polymer wastage. The bulk imprinting method is easy and inexpensive and produces 
stable polymers that could be packed into high performance liquid chromatography 
(HPLC) columns for separation purposes. However, a high degree of cross-linking is 
employed to preserve the imprinted sites after template removal and harsh 
polymerization conditions are used. The problems associated with bulk imprinting of 
biomacromolecules like proteins are as follows. Firstly, a rigid polymer matrix would 
cause poor mass transport and permanent template entrapment leading to reduced 
template loading and unsatisfactory recognition properties. Secondly, proteins are 
highly complex biopolymers that present a constellation of potential recognition sites 
and this could lead to non-specificity in binding and cross-reactivity of the imprint. 
Thirdly, biomolecules such as proteins or viruses are fragile and sensitive to the 
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polymerization conditions and would undergo protein denaturation during the 
imprinting step. Additionally, the low solubility of biomolecules in organic solvents 
necessitates imprinting in the aqueous environment, which limits the choice of 
monomers. 
 
2.2.2 Particle-based imprinting 
A major limitation for the large-scale production of molecularly imprinted materials is 
perhaps the type of polymerization method used. The bulk polymerization system is 
not suited for industrial applications due to its poor heat dispersal capacity. The dense 
polymer monoliths obtained after polymerization are crushed and sieved producing 
polydisperse, irregularly shaped particles not suited for many applications. As a result, 
various groups have focused on studying particle-based bulk imprinting methods to 
produce MIPs with controlled morphology (Yoshida et al., 1999). Sub-micron scale 
MIPs with controllable size and shape distributions are particularly desirable, since 
they provide better surface accessibility and a much higher adsorption capacity. These 
can be prepared by precipitation polymerization (Zeng et al., 2010), emulsion 
polymerization (Lu et al., 2006b), and miniemulsion polymerization (Tan and Tong 
2007a; Tan et al., 2008b).   
 
Precipitation polymerization is the simplest and the most common imprinting method, 
which was first applied for imprinting drugs (Ye et al., 2000). The polymerization is 
performed in the presence of excess solvent, and the final polymeric products 
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precipitate due to low miscibility in the polymerization medium. An important demerit 
of this technique is the aggregation of resultant MIP particles due to the absence of 
stabilizers, resulting in poor yields. In a recent, noteworthy development, peptide 
imprinted nanoparticles were prepared via precipitation polymerization using a 
cocktail of acrylamide monomers in water (Hoshino et al., 2008). The ability of these 
small nanoparticles to bind template mellitin was tested under in vivo conditions in 
mice treated with the toxin. The concept of using emulsion polymerization for MIP 
synthesis was primarily introduced to imprint water-soluble templates and is 
considered as an effective technique for producing monodispersed spherical beads 
with high yields. Demerits of the particle-based imprinting techniques include 
undesirable effects of surfactant on template-monomer complex and the presence of 
residues of stabilizers even after repeated washing of the imprinted beads. The MIPs 
prepared through the precipitation and emulsion polymerization processes produce 
particles of limited size range and non-homogeneous binding sites owing to the poor 
kinetic control of polymerization (Huang et al., 2009). However, these problems are 
absent in the miniemulsion polymerization process (Vaihinger et al., 2002).  
 
Miniemulsion polymerization is a technique that involves the dispersion of monomers 
in a continuous phase with application of high shear forces. A cosurfactant is added to 
suppress diffusion processes occurring in the continuous phase and to create a stable 
emulsion with homogeneous sizes. The technique allows for nearly a 1:1 transfer of 
monomer droplets in the starting emulsion to polymeric particles (Landfester 2001).  
This polymerization method has excellent heat dispersion ability, suitable for single 
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step large-scale production of molecularly imprinted nanoparticles (50-500 nm) 
(Anderson et al., 2002; Fernandez-Barbero et al., 2009). For molecular imprinting, 
miniemulsion polymerization was studied for targets such as drugs (Priego-Capote et 
al., 2008), amino acids (Vaihinger et al., 2002) and proteins (Tan and Tong 2007a). 
Additionally, the technique is advantageous since encapsulation of inorganic 
nanoparticles can be carried out via directly dispersing the hydrophobic inorganic 
particles in the monomer phase of the miniemulsion. Many inorganic particles have 
been used in the encapsulation process such as titanium dioxide (Erdem et al., 2000) 
and iron oxide (Ramírez and Landfester 2003). Encapsulation of super paramagnetic 
iron oxide nanoparticles is an attractive approach and has been widely adopted since it 
allows magnetic separation of the imprinted particles enabling fast recovery of the 
adsorbents and direct purification from complex mixtures without any pre-treatment.  
 
2.2.3 Surface imprinting 
In response to the diffusional limitations posed by the bulk imprinting techniques, 
surface imprinting strategy was proposed for recognition of biomacromolecules. 
Surface imprinted binding sites can be achieved by either bulk imprinting in film 
formats (two dimensional, 2D) or imprinting of immobilized templates on particle or 
film supports. Imprinting at surfaces requires relatively lesser amounts of template, 
overcomes the limited diffusion problems often associated with macromolecules and 
the resultant polymers have improved binding kinetics and physically more robust if 
supports are used. The specificity of 2D imprints will be compromised since only a 
small portion of the macromolecular template is utilized. However, the demerits are 
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often compensated by the advantages and extensive works of surface imprinting on 
different formats such as microspheres (Lu et al., 2006b; Zhao et al., 2008), 
nanoparticles (Tan and Tong 2007a, 2007b; Tan et al., 2008b), nanowires (Li et al., 
2006; Yang et al., 2005), membranes (Piletsky et al., 2000) and films (Shi and Ratner 
2000; Shi et al., 1999) have been reported. A multitude of  different approaches of 
surface imprinting such as surface coating (Mao et al., 2010), template immobilization 
(discussed in detail in section 2.3.1) and Langmuir-monolayer (Du et al., 2005) have 
been published in recent years. Oriented imprinting through template immobilization 
on solid or sacrificial supports is considered as a highly promising surface imprinting 
approach since it minimizes template aggregation, aids in the creation of homogenous 
binding sites, (Bonini et al., 2007) and enables usage of templates usually insoluble in 
the imprinting solvent (Shiomi et al., 2005).  
 
In addition to using the entire protein or virus as a template, an epitope, a short amino 
acid sequence of proteins or viruses has also been employed (Rachkov and Minoura 
2001). The advantages of both bulk and surface imprinting concepts can be realized in 
the epitope approach that bears a striking resemblance to how antibodies interact and 
bind to antigens.  
 
2.3 Molecular imprinting of proteins 
Although imprinting of biomacromolecules, especially proteins, has been proven to be 
a challenging feat, significant progress has been achieved in the field, towards 
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realizing the potential of these synthetic receptors as antibody mimics. The following 
discussion highlights some of the novel imprinting strategies and formats from 
literature.  
 
Water-soluble polymeric gels with compositions similar to electrophoretic gels have 
been used for imprinting proteins in aqueous medium. Polyacrylamide (PAA) 
imprinted polymers prepared with acrylamide and N, N-methylenebisacrylamide as 
monomers, were demonstrated to have good specificity and selective recognition 
property targeting different protein templates (Hjerten et al., 1997). The recognition 
mechanism was due to the collective effect of weak electrostatic interactions between 
the gels and template proteins. In this way, moderately cross-linked PAA gels with 
favourable mass transfer properties have shown great promise as bulk imprinting 
matrices for chromatographic applications. In order to overcome the limited 
mechanical strength associated with soft gel imprinting, macro porous chitosan beads 
were incorporated as a support matrix during the formation of haemoglobin imprinted 
PAA gels (Guo et al., 2004). While the protocol is time-consuming, the resultant 
imprinted beads displayed improved mechanical strength and chemical stability. 
Instead of polymeric gels, silica-based sol gels have also been employed for protein 
recognition and the first study of protein imprinting reported the use of such materials 
(Glad et al., 1985). A mixture of silanes was polymerized onto the surface of porous 
silica particles in the presence of a boronate-silane functional monomer having high 
affinity towards the template protein.  The results indicated that silica based materials 
produced stable imprints in contrast to soft polymeric gels.  
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2.3.1 Template immobilization 
The versatility of organic silanes has been further explored by combining silica beads 
with the concept of oriented imprinting through template immobilization (Shiomi et 
al., 2005). Haemoglobin (template protein) was covalently conjugated to silica support 
beads using imine bonds, subsequently followed by the imprinting polymerization 
step using 3-amino propyl triethoxysilane and propyl trimethoxysilane. On 
comparison with polymers prepared in the presence of free protein templates, superior 
performance was exhibited by the surface imprinted polymers using immobilized 
templates under batch and competitive conditions. Thus, surface imprinted materials 
using immobilized templates show great potential as affinity receptors for 
biomolecular separation and sensing. The surface imprinting approach was further 
modified by using 3-aminophenyl boronic acid (APBA) instead of silanes for human 
serum albumin (Bonini et al., 2007). APBA has many functional groups such as 
hydroxyl, amine and aromatic groups that can interact with the different amino acid 
residues on protein molecules.  Based on the above studies,Tan et al., (2008a) 
prepared bovine serum albumin (BSA) imprinted nanoparticles by immobilizing 
proteins on polymeric support beads, instead of silica, using a two-stage miniemulsion 
polymerization method. The resultant core-shell particles had superior template 
recognition capability and specificity with nil adsorption of non-template proteins 
during the competitive protein rebinding test.  An advantage of core-shell 
nanoparticles is that additional functional characteristics such as magnetic 
susceptibility or viral degradation capabilities can be incorporated into the core for 
applications such as cell tracking, contrast agents for imaging and magnetic 
purification.  
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A template-immobilized surface imprinting strategy has been reported using 
nanoporous alumina membrane as a sacrificial support. The imprinting strategy as 
shown in Figure 2.3 was adopted, and surface imprinted nanowires were created for 
the recognition of amino acids (Yang et al., 2005) and proteins (Li et al., 2006).  
 
 
Figure 2.3 An illustration of surface imprinting using immobilized template proteins 
and sacrificial supports. Reprinted (adapted) with permission from (Li et al., 2006). 
Copyright © 2006 American Chemical Society.  
 
The template molecules were immobilized within the pore walls of the alumina 
membrane which was then subsequently filled with acrylamide and N,N’–
methylenebisacrylamide monomers and were polymerized using ammonium 
persulfate as the initiator. After polymerization in the nanopores, the membrane was 
dissolved leaving behind nanowires with surface imprinted binding sites. High protein 
binding capacity was exhibited by the imprinted nanowires which were able to 
discriminate between two haemoglobin proteins having similar amino acid sequence 
and structure but differing in 15% of the total amino acid positions. Imprinted 
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materials in the nanoscale such as nanowires, nanoparticles and nanotubes, are 
promising configurations owing to their high surface to volume ratio and accessible 
imprinted binding sites leading to high binding capacity and fast binding and removal 
kinetics.  
 
The surface imprinting strategy using immobilized templates has also been 
demonstrated previously on mica surfaces (Shi and Ratner 2000; Shi et al., 1999). The 
template protein was conjugated to the mica surface followed by a protective sugar 
layer coating using disaccharides to prevent protein denaturation and degradation 
(Figure 2.4). This sugar shell was further coated with a polymer film using radio-
frequency through a glow discharge deposition method and was subsequently attached 
to a glass substrate using epoxy resin. Finally, the mica was peeled off, and the 
template protein was extracted leaving behind complementary protein imprinted 
cavities that exhibited moderate selectivity for different template proteins including 
albumin, immunoglobulin (IgG), ribonuclease A (RNase A), lysozyme (Lys) and 
streptavidin. The rebinding process was largely based on a combination of shape 
selectivity and hydrogen bonding interactions. Although high specificity was 
illustrated, the complexity involved in the surface imprinting procedure limits its 
application for large-scale biosensor production. 
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Figure 2.4 (a) A schematic depiction of surface imprinting using immobilized 
template proteins on mica surface. (b)  A tapping mode AFM image of the protein 
imprint (c) Mechanism for specific protein recognition of template-imprinted surfaces   
Reprinted (adapted) with permission from  (Shi et al., 1999). Copyright © 1999 
Macmillan Publishers Ltd. 
 
Surface imprinted polymers for protein recognition have also been prepared through 
polymer grafting methods.   Polystyrene microplate wells were coated with a thin film 
of APBA polymer in the presence of template proteins having different molecular size 
and isoelectric point (Bossi et al., 2001). The association constant (KA) was calculated 
for each template protein. The KA values decreased as the protein size increased and 
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the rebinding interactions were dependent on the protein environment. This imprinting 
approach was further exploited for developing quartz crystal microbalance (QCM) 
based sensors. Lys and cytochrome C (Cyt C) proteins were imprinted individually or 
in combination, on QCM electrodes in the presence of APBA, and the protein 
rebinding was studied using microcalorimetry (Rick and Chou 2005). Additionally, a 
dual imprint was prepared that could simultaneously recognize two template proteins 
and the authors attributed this recognition to a protein-protein complex formed during 
the imprinting step. The 2D imprinting was successfully extended to more complex 
protein structures such as pentameric C-reactive protein (CRP) using a microcontact 
imprinting approach wherein thin films of protein imprints were formed through photo 
polymerization on glass slides (Chou et al., 2005).  
 
Less common but novel approaches of surface imprinting include the metal chelation 
and lipid monolayer methods. Kempe et al., (1995) succeeded in creating surface 
imprints on methacrylate derivatized silica beads using metal chelating monomers. 
The exposed histidine residues on RNase A surface (template protein) formed a 
coordinate complex through imidazole chemistry with the monomer in the presence of 
metal ions. The surface imprinted beads having “anchoring points” for protein 
recognition were formed and the beads were found to be selective towards RNase A in 
the presence of Lys as the competing protein. In spite of encouraging results obtained 
from using these MIPs as selective adsorbents for HPLC protein purification, the 
metal coordination method has been discontinued since it can target only proteins with 
surface-exposed histidine residues. A biomimetic surface imprinting approach has 
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been illustrated by using lipid monolayer films as protein imprinting matrices (Turner 
et al., 2007).  A cationic–non-ionic lipid monolayer was formed in the presence of 
ferritin (template protein) using a Langmuir-Blodgett trough. Complementary 
interactions between the monolayer and the template protein were subsequently 
formed at the air-water interface. The monolayer was then immobilized by 
transferring to a piezoelectric chip, and moderate specificity was observed in the 
rebinding tests.  
 
2.4 Molecular imprinting of viruses 
Viruses are inherently more complex and larger than proteins and initially attempts 
were made to imprint viral proteins such as glycoproteins and structural proteins on 
2D surfaces, mainly for virus detection. MIPs for the detection of bovine leukaemia 
virus glycoprotein were prepared and surface coated onto platinum electrodes 
(Ramanaviciene and Ramanavicius 2004). Pulsed amperometric detection was applied 
for the label-free detection of the viral proteins.  Several cycles of polypyrrole doping, 
washing and redoping with the glycoprotein was performed, but the recognition and 
the affinity reduced after each cycle. Another interesting virus sensing system was 
reported which involved a combination of mass-sensitive transducers with antibody 
imprints (Schirhagl et al., 2010). MIP nanoparticles against viral antibodies were 
prepared through precipitation polymerization. The imprinted particles were used as 
templates, and plastic replicas of the viral antibodies were created on QCM surfaces. 
The resultant chemo sensor exhibited binding and good sensitivity compared to the 
sensor coated with natural antibodies. 
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In addition to using the entire viral protein as a template, an epitope-mediated 
technique has also been employed for imprinting viral proteins.  Molecularly 
imprinted films (Figure 2.5) were prepared in the presence of epitopes of a non-
structural protein, excreted from infected cells into the blood stream when there is a 
dengue virus infection (Tai et al., 2005; Tai et al., 2006). Additionally imprinted films 
were also prepared through the conventional 2D imprinting of the entire protein on the 
QCM surface. After removal of the protein or the epitope, the template binding was 
studied based on QCM frequency shifts. On comparison with the conventional method 
of whole protein imprinting, it was found that the epitope approach allowed 
orientation of the protein molecules according to the epitope-imprinted cavities with 
low non-specific binding and protein leaching. Although the approach was highly 
appealing, competitive protein tests were not performed to prove the specificity of the 
epitope imprinting.   
 
Recently, an epitope based sensor for the detection of a transmembrane protein of 
human immunodeficiency virus (HIV) has been developed. The template viral protein 
plays a prominent role during the membrane fusion of HIV into infected cells. (Lu et 
al., 2012). Furthermore, the performance of the imprinted sensor was evaluated for 
detection of proteins in human urine samples. 
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Figure 2.5 A schematic comparison of epitope and whole protein imprinting 
techniques. The target is a dengue virus protein. Reprinted (adapted) with permission 
from (Tai et al., 2005). Copyright © 2005 American Chemical Society. 
 
To date, there have been only few studies on molecular imprinting of whole viral 
templates. Majority of the attempts were focused on developing 2D virus imprints for 
use in sensing technologies (Hayden et al., 2006). Biosensors were developed that can 
detect viruses by integrating molecular imprinting and QCM. Self-assembled virus 
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layers were prepared on glass slides and served as virus stamps that were 
mechanically pressed against monomer coated QCM electrodes and were polymerized 
using a photo initiator (Figure 2.6). Geometric complementarity between the template 
virus, tobacco mosaic virus (TMV) and the imprinted layer caused recognition and 
adsorption (Dickert et al., 2004). Different polymers such as polyurethanes and 
polyacrylates were used as the polymer matrix, and the stamping technique was also 
applied to yeasts (Hayden and Dickert 2001) and erythrocytes (Seifner et al., 2009) 
and other viral species such as human rhinovirus, foot and mouth disease virus (Jenik 
et al., 2009) and the parapox ovis virus, a harmless surrogate for smallpox virus 
(Hayden et al., 2006). In the future, such size dependent analyte sensors could be 
integrated with drug delivery systems wherein specific adsorption of target molecules 
causes the release of encapsulated drugs. In a recent development, a continuous virus 
detection system has been developed combining micro fluidics with virus imprinted 
films in a dielectric sensor (Birnbaumer et al., 2009). 
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Figure 2.6 (a) An illustration of polymer stamping technique for surface imprinting of 
viral templates on QCM electrodes (Dickert et al., 2003). (b) An AFM image of TMV 
imprinted polyurethane layer. 
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Instead of using polymers, surface imprinted, self-assembled monolayers have also 
been used to design sensing elements for virus detection (Wang et al., 2010). 
Hydroxyl terminated alkanethiol molecules were self-assembled into highly ordered 
monolayers in the presence of poliovirus on gold coated silicon substrates.  Rebinding 
of the virus after template removal was measured through changes in potential 
difference between the test and the reference electrodes.  
 
2.4.1 Bulk imprinting of viruses 
In addition to these 2D imprinting methods, studies have also been reported on water-
soluble polymeric gels as bulk imprinting matrices using viral templates. A simple 
bulk imprinting procedure via free radical polymerization was adopted to prepare 
polyacrylamide imprinted gels in the presence of semliki forest virus or its mutant 
strains (Takátsy et al., 2006).  The success of the imprinting procedure was tested 
using free-zone electrophoresis in a rotating, narrow, buffer-filled tube. On applying 
voltage, the electrophoretic migration of the granules was visually monitored, and the 
migration distances and mobility were calculated. Higher mobility was considered to 
be related to higher selectivity of the imprinted gel granules. The interesting feature is 
that the imprinted gels were able to differentiate between the template virus, and its 
mutant strain differing by three amino acids and this selectivity was attributed to a 
combination of shape complementarity, charge interactions and nature and number of 
bonds. Even though, the gels were highly selective towards the target virus, 
quantification of virus rebinding was not performed which is an essential factor if the 
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material is to be applied for virus separation. The same method was subsequently used 
to synthesize MIP gels against different bacterial strains (Bacskay et al., 2006).   
 
 
Figure 2.7 A scheme illustrating a non-covalent bulk imprinting strategy using TMV 
as the template virus. Reprinted (adapted) with permission from (Bolisay et al., 2006). 
Copyright © 2006 Elseiver. 
 
In a noteworthy development, imprinted hydrogels have been used for separation of 
recombinant baculovirus (Bolisay et al., 2004) and plant viruses  (Bolisay et al., 
2006). Hydrogels are promising candidates as imprinted matrices, since they allow 
imprinting within a hydrophilic dynamic system and have sufficient swelling and 
flexibility, comparable to natural tissues. A non-covalent imprinting procedure (Figure 
2.7) was adopted using poly(allyl amine hydrochloride) as the polymer matrix and 
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TMV as the template virus (Bolisay et al., 2006). The polymer was cross-linked in the 
presence of the template virus using epichlorohydrin. The imprinted hydrogels 
displayed enhanced TMV uptake compared to a differently-shaped, non-target tobacco 
necrosis virus. Further optimization of the imprinting and washing protocols was 
performed in order to improve the selectivity and reduce non-specific virus binding of 
the virus imprinted hydrogels (Bolisay et al., 2007).  Though this method was 
successful in creating polymers having cavities that mimicked the shape of TMV, the 
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3.1. Materials  
Bovine serum albumin (BSA), ribonuclease A (RNase A), lysozyme (Lys) from 
chicken egg white, sodium bicarbonate (99.7 – 100.3%), sodium bisulphite (minimum 
99%), methyl acrylic acid (MAA), phosphate buffered saline (PBS) pellets, 
phosphotungstic acid, poly-L-lysine solution (0.1 w/v%), boric acid (≥ 99.5%) and 
glutaraldehyde (50%), were purchased from Sigma (USA). Methyl methacrylate 
(MMA, 99%), ethylene glycol dimethacrylate (EGDMA, 98%), oleic acid (90%), 
sodium dodecyl sulphate (SDS, minimum 98.5%), sodium bicarbonate (99.7 - 
100.3%), ammonium persulfate (APS, 98%), hydrochloric acid, cetyl alcohol (CA, 
95%), ethylene diamine (99%), and trifluoro acetic acid (TFA, 99%) were from 
Aldrich (USA).  
 
Ammonia solution (25%), ethanol, N, N- dimethylformamide (DMF), sodium chloride 
(NaCl), iron (II) chloride tetrahydrate (FeCl2.4H2O), and iron (III) chloride 
hexahydrate (FeCl3.6H2O) were obtained from Merck (USA). Sodium hydroxide 
pellets were from J.T. Baker, acetic acid from Fisher Chemicals (UK), and acetonitrile 
(ACN) from Tedia. BactoTM tryptone, bactoTM yeast extract, bactoTM beef extract, and 
bactoTM agar was purchased from Becton, Dickinson and Company (BD, USA), and 
polyvinyl alcohol, 80 mol% hydrolysed, molecular weight (MW) 6000 was obtained 
from polysciences. All chemicals were used directly without further purification. 
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3.2. Two-stage core-shell miniemulsion polymerization 
3.2.1 Preparation of polymeric core nanoparticles 
Iron oxide (Fe3O4) magnetite was prepared by the coprecipitation method  using 0.8 M 
FeCl3.6H2O, 0.4 M FeCl2.4H2O, and 3% hydrochloric acid (Tan and Tong 2007c). 
The above reactants were mixed, forming a clear, yellowish green solution that was 
then added into 250 mL of 5.23% ammonia solution. The resultant solution turned 
black and was then stirred magnetically at 1000 rpm for 1 h. The Fe3O4 magnetite was 
then washed three times with deionized (DI) water before being suspended in DI 
water.  
 
The Fe3O4 magnetite (1 g) prepared above was mixed with 1 mL of oleic acid. MMA 
(1.28 mL) and EGDMA (9.05 mL) in the molar ratio of 1:4 were mixed with oleic 
acid coated Fe3O4 magnetite particles forming the oil phase and ultrasonicated at 65% 
power for 80 s (Sonics Vibracell VCX 130). After homogeneity had been achieved, 
the oil phase containing Fe3O4 nanoparticles was added drop-wise to a 50 mL solution 
of 0.01 M SDS and 0.03 M CA (first aqueous phase) that was stirred at 300 rpm. The 
oil-first aqueous phase mixture was then ultrasonicated a second time at 65% power 
for 90 s to create a miniemulsion. This miniemulsion was added drop-wise to a 600 
mL solution containing 0.3 g SDS which was concurrently stirred at 300 rpm for 15 
min. This reaction mixture was transferred to a 1 L airtight, three-neck, round bottom 
reactor and purged with nitrogen gas for 15 min to displace the dissolved oxygen thus 
forming a nitrogen gas atmosphere above the reaction solution. The temperature of the 
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reactor was maintained at 80 °C using a temperature-controlled water bath. The 
polymerization reaction was initiated by injecting 0.5 g of APS initiator into the 
reaction mixture which was left to proceed for 24 h. Upon completion, the polymeric 
core particles were washed thrice with DI water, followed by thrice with 50% ethanol 
and finally thrice with DI water. The solution was centrifuged (Universal 32R, Hettich 
Zentrifugen, Germany) at 9000 rpm for 40 min after each washing step, to isolate the 
polymeric product from the washing solvent.   
 
3.2.2 Aminolysis  
One gram of the polymeric core particles (synthesized in section 3.2.1) was washed 
twice with DMF and redispersed in 20 mL of DMF. Next, 20 mL of ethylene diamine 
was added to the DMF-washed core particles and was refluxed at 400 rpm at 110 °C 
for 12 h. The surface amine-functionalized core particles were then washed once with 
DI water, twice with 50% ethanol and finally twice with DI water to remove the 
excess amine.  
 
3.2.3 Aldehyde functionalization  
Acetic acid and sodium acetate were used to prepare a pH 5 acetate buffer solution. A 
0.3M sodium acetate solution was prepared, and 273.3 ml of this solution was mixed 
with 28.82 ml of 1M glacial acetic acid and finally made up to 1L of acetate buffer 
using DI water. One gram of the amine-functionalized polymeric core particles 
(synthesized in section 3.2.2) was incubated in 10 mL of acetate buffer solution and 
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degassed for 10 min under room temperature. The supernatant was removed and 
redispersed in 10 mL of the same buffer with 5% glutaraldehyde. The reaction mixture 
was magnetically stirred at 400 rpm for 12 h under room temperature. In post 
treatment, the surface aldehyde-functionalized core particles were washed thrice with 
DI water.  
 
Following this, the aldehyde-functionalized polymeric particles prepared were 
covalently immobilized with template proteins or viruses which will be described in 
the following section 3.3.1 and 3.4.6 respectively.   
 
3.2.4 Shell layer synthesis 
MMA and EGDMA were employed as the functional and cross-linking monomers, 
respectively. MMA (1.28 mL) and EGDMA (9.05 mL) in the molar ratio of 1:4 was 
added to 1.0 g of the aldehyde-functionalized core (synthesized in section 3.2.3) or 
template protein-immobilized core (synthesized in section 3.3.1) or template virus-
immobilized core particles (synthesized in section 3.4.6). The mixture was then 
ultrasonicated at 45% power for 90 s to ensure that it was mixed thoroughly. It was 
then added drop-wise into a 50 mL solution of 0.01 M SDS and 0.03 M CA which 
was concurrently stirred at 300 rpm. The mixture was ultrasonicated again at 45% 
power for 110 s to generate a miniemulsion. The miniemulsion obtained was then 
added drop-wise into a 600 mL solution containing 0.3 g SDS which was stirred at 
300 rpm for 15 min. This reaction mixture was transferred to a 1 L airtight, three-
Chapter 3 | Materials and methods 
| 41  
 
neck, round bottom reactor and purged with nitrogen gas for 15 min to displace the 
dissolved oxygen thus forming a nitrogen gas atmosphere above the reaction solution. 
The temperature of the reactor was maintained at 40 °C using a temperature-controlled 
water bath. A redox-initiated polymerization reaction was started by injecting 0.25 g 
sodium bisulphite followed by 0.25 g of APS into the reaction mixture which was left 
to proceed for 24 h. Upon completion, non-imprinted, core-shell protein imprinted or 
virus imprinted polymeric particles were obtained which were washed thrice with DI 
water, followed by thrice with 50% ethanol and finally thrice with DI water. 
 
3.2.5 Template removal 
After the formation of the shell layer, the immobilized templates (proteins or viruses) 
were removed by hydrolysis. A 10 mL aliquot of a 1.0 M sodium hydroxide solution 
was added to 1.0 g of the core-shell protein or virus imprinted nanoparticles 
(synthesized in section 3.2.4). The hydrolysis mixture was stirred at 300 rpm and 
allowed to react for 5 h under reflux at 35 °C. The template-immobilized molecularly 
imprinted core-shell particles (iMIPs) obtained were washed three times with DI water 
and resuspended in DI water for characterization and adsorption studies. 
 
3.2.6 Non-imprinted polymers 
The corresponding non-imprinted particles (iNIPs) were prepared through the same 
procedures as the imprinted particles, but without the template immobilization step. 
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These particles served as control samples in the characterization and adsorption 
studies. All the particles after synthesis were stored as suspensions in DI water. 
 
3.3. Surface imprinting of proteins 
3.3.1. Preparation of protein-immobilized molecularly imprinted core-shell 
nanoparticles  
Immobilization of template proteins. One gram of the aldehyde-functionalized 
polymeric particles (synthesized as described in section 3.2.3) was washed once with 
0.01 M PBS. A 10 mL aliquot of Lys or RNase A solution (2.5 mg mL-1) was then 
added to 1.0 g of the particles. The mixture was magnetically stirred at 300 rpm for    
3 h at 4 °C for coupling to occur. The template protein-immobilized core particles 
were then washed three times with DI water.  Upon completion, the protein-
immobilized core particles were subjected to shell layer synthesis and template 
removal steps as described previously in section 3.2.4 and 3.2.5 respectively.  
 
3.3.2. Protein concentration assay 
Fresh protein solutions were prepared for all experiments. The protein imprinted 
nanoparticles were mixed with the protein solutions, and the particles were settled by 
centrifugation (Universal 32R, Hettich Zentrifugen, Germany) at 9000 rpm for 40 
min. The proteins in the supernatant were separated using an Agilent 1200 HPLC unit 
(USA) with Agilent Zorbax 300SB-C18 (4.6 × 150 mm, 5 µm) reversed-phase 
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column. The supernatant concentrations were determined from the protein calibration 
curves. The mobile phases used were (A) 0.1% trifluoro acetic acid (TFA) in DI water 
and (B) 0.99% TFA in 80% ACN/ 20% DI water. A linear gradient elution was used 
with solvent B increasing from 25 to 70% in 40 min. The solvent flow rate was 1.5 
mL min-1, and the injection volume was 50 µL. An ultraviolet (UV) detector at a 
detection wavelength of 220 nm was employed.  
 
3.3.3. Protein binding analyses  
Singular protein adsorption tests were conducted for both the protein imprinted and 
non-imprinted particles using the template and non-template proteins. The initial 
protein concentration was varied, and the protein solutions were mixed with polymeric 
nanoparticles. The samples were affixed onto a rotamix (RKVS, ATR Inc., USA) and 
agitated by rotary movement (end-to-end) for 24 h at room temperature. Upon 
completion, the supernatant concentration was determined through the protein 
concentration assay (described in section 3.3.2). The static equilibrium adsorption 
capacity (Q) of the nanoparticles was calculated according to the concentration change 
of the solution.  
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where C refers to the concentrations of protein (mg mL-1), V is the total rebinding 
volume (mL) and m is the polymer weight (g). Five well-dispersed polymer samples 
(having the same volume of rebinding aliquots) were freeze-dried and weighed to 
obtain the average dry weight. Competitive protein adsorption tests were performed 
using binary and tertiary protein systems. The polymeric particles were subjected to a 
mixture of (template and non-template) proteins each with a fixed initial 
concentration. The adsorption mixture was rotary mixed (end-to-end) for 24 h and the 
protein concentrations determined using the protein concentration assay described in 
section 3.3.2.   
 
3.3.4. Protein adsorption kinetics 
The adsorption kinetics of the imprinted and control particles were studied under 
singular and competitive protein adsorption conditions. At various time intervals, 
samples were removed to determine the adsorption profiles, and protein 
concentrations in the supernatant were measured as described in the protein 
concentration assay in section 3.3.2 and the amount of protein adsorbed was 
calculated as described in section 3.3.3.  
 
3.3.5. Protein desorption kinetics  
The polymeric particles were mixed in protein solutions for 24 h. Subsequently, the 
imprinted and control particles were collected by centrifugation at 9000 rpm for 40 
min and supernatant protein concentrations were measured as described in the protein 
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concentration assay in section 3.3.2. A desorbing solvent (50% acetonitrile solution) 
was later added to each polymer sample collected from the adsorption process and 
rotary-mixed. At different time intervals, the samples were centrifuged, and protein 
concentrations in the supernatant were determined as described in section 3.3.2.  
 
3.3.6. Imprinting Efficiency   
The parameter, imprinting efficiency (I.E), define the degree of template-monomer 
complexation (Srebnik 2004). Higher number of template-monomer interactions 
results in stronger template-monomer complexation and hence higher I.E values, 
assuming negligible template-template complexes. The I.E values of the protein 






QEI =.                    (3.2) 
 
 
where QiMIP and QiNIP are the static equilibrium adsorption capacity of iMIPs and 
iNIPs respectively (µmol g-1). 
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3.3.7. Selectivity parameters 
Molecular recognition selectivity was evaluated by the following parameters 
calculated according to the adsorbed protein concentrations of the protein imprinted 
and control particles obtained in the competitive adsorption tests under equilibrium 
conditions (Lu et al., 2006a).  
















                           (3.4) 
 
 
where KD1 and KD2 are the static distribution coefficients of the template and the 
control molecules.  
 





                (3.5) 
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where  α1 and  α2 are the separation factors of the protein imprinted and non-imprinted 
nanoparticles respectively. 
 
3.4. Surface imprinting of viruses 
3.4.1. Virus and host 
The Escherichia coli (E. coli) bacteriophage (fr) ATCC® 15767-B1TM and bacterial 
host E. coli ATCC® 19853TM used in this study were purchased from the American 
Type Culture Collection (ATCC, Rockville, MD).   
 
3.4.2. Host bacteria culture 
One gram of tryptone, 0.5g of yeast extract, 1g of NaCl, and 1.5 g of agar were mixed 
with 100 ml of DI water and autoclaved for the purpose of sterilization. The agar 
medium was cooled to 45oC, poured over petri dishes and air-dried under sterile 
conditions. The tryptone agar plates finally obtained was sealed and stored at 4oC until 
further use.  The liquid culture medium was also prepared and stored in a similar 
manner but without the addition of agar. Stock bacterial cultures were maintained on 
tryptone agar plates. A host culture was prepared through inoculation of a 7 mL liquid 
culture medium with a pure isolated colony of E. coli (picked from stock plates) and 
incubated for 18 h at 37 oC in an incubator shaker at 300 rpm (Innova 4000, New 
Brunswick Scientific). For all the tests, appropriate serial dilutions of the host culture 
were made in the liquid culture medium.  
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3.4.3. Bacteriophage propagation and purification 
Soft agar was prepared by mixing 1g of tryptone, 0.5g of yeast extract, 1g of NaCl, 
and 0.5 g of agar with 100 ml of DI water, autoclaved for the purpose of sterilization 
and maintained at 45 oC in a temperature-controlled water bath. The fr phages were 
propagated on the host strain, E. coli by a double-layer soft agar technique via plate 
lysis (Adams 1959). Briefly, an aliquot of the phage sample was mixed with an 
overnight host culture in sterile conditions, and 5 min incubation was performed to 
facilitate attachment of the phage to the host cells. The phage-host solution was then 
mixed with soft agar at 45 oC. The contents were swirled once to mix and then poured 
over the surface of a tryptone agar plate and allowed to set at room temperature. 
Finally, the plates were incubated for 18 h at 37 oC. After incubation, the plates 
showing confluent lysis (more number of plaques or clearings on bacterial lawn) were 
chosen. The top agar was removed, mixed with liquid culture medium and centrifuged 
to allow the cellular debris and agar to settle. The supernatant was separated and 
further filtered through 0.22 µm filter units (Millipore). The phage stock solutions 
were maintained in sterile tubes at 4 oC until further use.  
 
3.4.4. Bacteriophage enumeration assay  
The titre (concentration) of the fr phage samples was determined by a plaque assay. 
The phage sample to be assayed was serially diluted in liquid culture medium. The 
solution from each dilution was mixed with host bacteria and soft agar and transferred 
to tryptone agar plates as described in section 3.4.3. The prepared agar plates were 
incubated for 18 h at 37 oC. Upon completion, only those plates with countable 
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numbers of plaques per plate from 30 to 300 were used. The concentration of the fr 
phages was reported as plaque forming units per mL (pfu mL-1). In the various batches 
of propagation, the titres of the fr phages prepared were 1010 pfu mL-1.  
 
3.4.5. Preparation of the virus surface imprinted nanoparticles 
A one-stage miniemulsion polymerization was used for the virus imprinting process. 
A 1.88 w/v% of polyvinyl alcohol, 0.01M SDS and 0.01 mM of sodium bicarbonate 
was mixed with 20 mL of DI water to form the first aqueous phase. The functional, 
0.8 mL of MMA or 0.47 mL of MAA, and cross-linking monomers, 4.2 mL of 
EGDMA, in the molar ratio of 1:4 were mixed to form the oil phase. The oil phase 
was added drop-wise into the first aqueous phase and homogenized at 24000 rpm with 
a homogenizer (T25B, IKA Labortechnik, Germany) to create a miniemulsion. The 
template virus, fr phages were added into the miniemulsion and mixed at 300 rpm to 
allow interaction between template and functional monomers. The mixture was then 
added drop-wise into the second aqueous phase (400 mL, 0.05 w/v% of SDS). This 
reaction mixture was transferred to a 1 L airtight, three-neck, round bottom reactor 
and purged with nitrogen gas for 15 min to displace the dissolved oxygen thus 
forming a nitrogen gas atmosphere above the reaction solution. The temperature of the 
reactor was maintained at 40 °C using a temperature-controlled water bath. The redox-
initiated polymerization was started by injecting 0.25 g of APS initiator and 0.23 g of 
sodium bisulphite into the reaction mixture which was left to proceed for 24 h. The 
polymer product was then washed with different washing medium. Firstly, the 
particles were washing five times with DI water, followed by five times with a 
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solution of 10% w/v SDS: 10% v/v acetic acid to remove the template virus, four 
times with excess ethanol to remove the surfactant or any unreacted monomer and 
initiator, and finally six times with DI water. The solution was centrifuged (Universal 
32R, Hettich Zentrifugen, Germany) at 9000 rpm for 40 min after each washing step, 
to isolate the polymeric product from the washing medium. The corresponding non-
imprinted polymers (NIPs) to the virus imprinted polymers (vMIPs) were prepared 
and washed in a similar manner, except without the addition of the template viruses. 
The product particles were stored as suspensions in liquid culture medium for 
subsequent studies.   
 
3.4.6. Preparation of imprinted nanoparticles using two-stage miniemulsion 
polymerization  
Immobilization of template viruses. A 0.1M borate buffer solution was prepared by 
mixing 0.185 g of boric acid in 30 ml of DI water. The pH of the solution was 
adjusted to 9.33 at 25oC using 1M sodium hydroxide solution. One gram of the 
aldehyde-functionalized polymeric core particles (synthesized as described in section 
3.2.3) was washed once with 0.1 M borate buffer. A 15 mL aliquot of the fr phages in 
borate buffer solution (1010 pfu mL-1) was then added to 1.0 g of the particles. The 
mixture was magnetically stirred at 300 rpm for 4 h at 4 °C for coupling to occur. The 
virus-immobilized core particles were then washed four times with DI water upon 
completion of the reaction. Detailed procedures on core synthesis, surface 
functionalization, shell layer synthesis and template removal, are provided in section 
3.2. The product, virus-immobilized molecularly imprinted nanoparticles (viMIPs) 
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and the control particles (iNIPs) were resuspended in liquid culture medium for 
subsequent studies.  
 
3.4.7. Equilibrium virus rebinding analyses 
Equal volumes of phage solutions and vMIPs or viMIPs suspensions were mixed 
under aseptic conditions. The samples containing phage-nanoparticle suspension were 
affixed onto a rotamix (RKVS, ATR Inc., Japan), and end-to-end mixing was carried 
out at an ambient temperature of 4oC. Positive control consisted of phage solutions 
without particles. At different time points from the start, the samples were centrifuged 
(Universal 32R, Hettich Zentrifugen, Germany) at 9000 rpm for 40 min, and the 
supernatant phage titre was determined by a bacteriophage enumeration assay as 
described in section 3.4.4. Similar experiments were performed at different polymer 
doses, and phage titres to study their effect on the virus adsorption ability of the 
particles. The rebinding tests were also carried out for the NIPs and iNIPs 
nanoparticles as control experiments.  
 
3.4.8. Antiviral studies in a host-virus system 
The antiviral activity of the vMIPs, viMIPs and control (NIPs and iNIPs) 
nanoparticles, were studied in a model host-virus system. A fixed concentration of 
aerobically grown bacterial cells was inoculated with phage suspensions in the 
presence of vMIPs or viMIPs. The solutions were mixed thoroughly and incubated at 
37 °C and 300 rpm. Controls included phage-infected bacteria with and without NIPs 
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& iNIPs and non-infected bacteria without particles. At different time points, the 
bacterial concentration of the samples was determined as follows. At regular intervals, 
0.1 ml of solution was drawn from each of the sample and mixed with soft agar at 45 
oC. The contents were swirled once to mix and then poured over the surface of a 
tryptone agar plate and allowed to set at room temperature. The procedure was 
repeated for all samples, and finally, the plates were incubated for 18 h at 37 oC. Upon 
completion, only those plates with countable numbers of bacterial colonies per plate 
from 30 to 300 were used. The concentration of the bacteria was reported as colony 
forming units per mL (cfu mL-1).  The above experiment was further repeated to study 
the effect of the particles on the host bacteria, wherein, the growth of non-infected 
bacteria with and without particles was monitored for 12 h at 37oC. The bacterial 
concentration was determined as described above.  
 
3.5. Analysis and measurement 
3.5.1. Instrumental methods of analysis 
Field-emission scanning electron microscope (FESEM, JSM-6700F, JEOL, Japan) 
and transmission electron microscope (TEM, JEM-2010, JEOL, Japan) were used to 
observe the morphology of the polymeric particles and bacteriophages. Dynamic light 
scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd, USA) was used to 
determine the sizes of the polymeric particles. A Zetasizer Nano-ZS (Malvern 
Instruments, UK) was used to measure the zeta potential of all the polymeric 
nanoparticles.  X-ray photoelectron spectroscopy (XPS, AXIS His-165 Ultra, Kratos 
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Analytical, Shimadzu, UK) was employed to determine the surface elemental 
composition of the core nanoparticles after each surface functionalization reaction.  
Sample preparation for TEM. The samples for imaging of nanoparticles were 
prepared by dropping a suspension of the sample on formvar coated copper grids (300 
mesh) and vacuum dried. The samples for imaging of phages were prepared by a 
negative staining technique. Formvar coated copper grids were first coated with 0.1% 
of poly-L-lysine. Subsequently, a drop of the virus suspension was added and finally 
stained with 1% phosphotungstic acid (pH 6). The grids were thoroughly dried in air.  
Sample preparation for SEM. A suspension of the sample was dropped on SEM 
conductive carbon adhesive tape and vacuum dried. Prior to imaging, the sample-
covered substrate was sputter-coated with a platinum film (current: 20mA and time: 
45 s).  
 
3.5.2. Swelling experiments 
The imprinted polymeric particles dispersed in water were recovered by centrifugation 
at 9000 rpm for 40 min. The swollen weight (WW) of the particles was measured. 
Subsequently, the particles were freeze-dried for 24 h and weighed again to obtain the 







                 (3.6) 
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3.5.3. Statistical analysis 
Triplicates were used for each test sample. Mean, standard deviation (S.D), error 
calculations, Student’s t-Tests (for pairs of samples) and single-factor analysis of 
variance (ANOVA) (for multiple samples) were performed using Microsoft Excel 
(2010) for statistical comparisons between samples. In Chapter 4, the multiple 
samples analysis was performed using one-way ANOVA using OriginPro 8.1 

























PROTEIN ADSORPTION BEHAVIOUR OF SURFACE 
IMPRINTED NANOPARTICLES IN BATCH AND 
COMPETITIVE CONDITIONS  
 
 
In this chapter, the fabrication of protein imprinted core-shell nanoparticles using a 
template-immobilized surface imprinting strategy will be presented. The key 
parameters controlling the adsorption and imparted molecular affinity behaviour of 
these imprinted nanoparticles under complex environments (Research objective 1) 
will be investigated in this chapter. The results from this work have been published in 
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4.1. Introduction 
Biological molecules like antibodies have long been attributed to the ability to 
recognize and bind specifically to antigens. In spite of their strong molecular 
recognition behaviour, the inherently fragile nature of antibodies and the associated 
high costs of production cause restrictions on their applications. Following nature’s 
cues, scientists have attempted to create antibody mimics in order to overcome some 
of the limitations of natural molecules. Molecular imprinting is an efficient method 
that has been broadly established as a feasible approach for imparting molecular 
recognition property to synthetic materials. This is a technique, which involves the 
creation of imprinted cavities in a synthetic polymer matrix that have complementary 
functional and structural character to its substrate molecule. Despite the progress 
achieved with imprinting of small molecules like metal ions, drugs and hormones, 
imprinting of large molecules like proteins still face fundamental challenges. 
Particularly, the physical and chemical properties of a protein molecule such as its 
size, complexity and conformation instability, pose significant barriers to the 
application of traditional imprinting approaches. Many strategies were put forward to 
circumvent the limitations as described in Chapter 2. 
 
In this regard, miniemulsion polymerization system was previously proposed, and its 
potential for surface imprinting of proteins was demonstrated. Initially, optimization 
of the various parameters of the polymerization system was performed to develop a 
unique formulation that can preserve the structural integrity of protein molecules (Tan 
and Tong 2007a) and the optimized polymerization system was applied to imprint 
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different protein molecules (Tan et al., 2008b) and finally iron-oxide encapsulated 
protein imprinted nanoparticles were synthesized that responded 
superparamagnetically to an external magnetic field (Tan and Tong 2007c). The 
imprinting approach via miniemulsion polymerization serves to solve the limitations 
posed by the traditional bulk imprinting methodology and is a suitable system for 
large-scale commercial production. Core-shell protein imprinted nanoparticles with 
magnetic susceptibility exhibiting significant molecular selectivity in aqueous medium 
were synthesized using a surface imprinting approach via a template-immobilization 
strategy (Tan et al., 2008a). This technique of surface imprinting was adopted to 
produce nanoparticles with high effective surface area and specificity. The resultant 
high imprinting efficiency, high separation factor of protein mixtures, and favourable 
adsorption kinetics established the importance of template immobilization for 
successful protein imprinting and demonstrated the feasibility of using the template-
immobilized surface imprinted particles for large-scale protein separations applicable 
in pharmaceutical and biomedical industries. The approach of immobilizing templates 
on surfaces allows the imprinting of proteins insoluble in the polymerization mixture 
(Shiomi et al., 2005), or of proteins which are not capable of interaction with the 
functional monomers in the direct miniemulsion polymerization system (Tan et al., 
2008b), overcomes incompatibility problems proteins and polymerization conditions 
and aids in the creation of homogeneous binding sites (Bonini et al., 2007).  
  
In this chapter, a first-of-its kind study on complex protein adsorption behaviour of 
protein imprinted nanoparticles is presented. A basic understanding of protein 
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adsorption behaviour at solid–liquid interfaces with multiple protein interactions is 
especially important in the applications of these imprinted polymeric adsorbents. 
Critically, it would significantly impact their eventual application in industries where 
downstream protein separation and purification are crucial to the detection or 
separation of complex mixtures. Template proteins with similar sizes (Table 4.1) were 
used and protein imprinted nanoparticles were synthesized and the critical factors 
controlling the adsorption and imparted molecular affinity behaviour of these 
imprinted nanoparticles under competitive conditions were principally examined. In 
addition, adsorption and desorption kinetic studies were performed to demonstrate the 
potential of the imprinting system as an industrially viable method.   
 
Table 4.1 Physico-chemical properties of template and non-template proteins. 
Property Lys RNase A BSA 
Molecular mass (gmol-1) 14600 13600 66000 
Size (nm3) 4.5 x 3.0 x 3.0 3.8 x 2.8 x 2.2 4.0 x 4.0 x 14.0 
Isoelectric point (pI) 11.1 9.4 4.8 
Adiabatic compressibility 
(kS) (x10−6 cm3 g-1 bar-1) 
3.6 0.8 6.5 
 
Briefly, core-shell protein imprinted nanoparticles were synthesized via a two-stage 
miniemulsion polymerization method as described in detail in Chapter 3: section 3.2 
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and 3.3.1.  Methyl methacrylate (MMA) and ethylene glycol dimethacrylate 
(EGDMA) were employed as the functional and cross-linking monomers, 
respectively. Briefly, Fe3O4 magnetite was first prepared through a co-precipitation 
method and then encapsulated into poly (MMA-co-EGDMA) beads in the first-stage 
core-shell miniemulsion polymerization to fabricate the polymeric core nanoparticles. 
Following that, a series of surface functionalization reactions were performed to 
immobilize template protein molecules onto the core particle surface, and x-ray 
photoelectron spectroscopy (XPS) was employed to monitor the success of each 
surface modification from changes in surface nitrogen composition. Subsequently, a 
second-stage core-shell miniemulsion polymerization was performed to synthesize a 
polymeric shell over the core particles. Finally, the template protein molecules were 
removed through base hydrolysis. Thus, complementary recognition binding sites 
were created for the template proteins on the particle surface (refer Figure 4.1). 
Following the same procedures, non-imprinted particles (iNIPs) were also prepared as 
controls without the addition of the template proteins. The template proteins chosen 
were lysozyme (Lys) and ribonuclease A (RNase A), while the non-template protein 
used was bovine serum albumin (BSA). The two template proteins have nearly similar 
molar mass and globular size while BSA differs in all of these properties (Table 4.1). 
In addition, all of these proteins have different isoelectric points, structural stability 
and hydrophobicity (Shirahama et al., 1990). Hence, the adsorption behaviour and 
selectivity of different imprinted materials under a single or simultaneously mixed 
(competitive) system was investigated using these proteins.  
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Figure 4.1 A schematic illustration of surface imprinting of proteins via a two-stage 
miniemulsion polymerization. Reprinted (adapted) with permission from (Tan et al., 
(2008a)). Copyright © 2008 American Chemical Society. 
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4.2. Poly (MMA-co-EGDMA) protein imprinted core-shell nanoparticles 
XPS elemental wide scan analyses were conducted for all the particles (Table 4.2). 
Based on the surface nitrogen compositions obtained, the surface concentration of 
immobilized protein molecules on core nanoparticles before template removal was 
estimated to be 0.243 mol gmol-1 polymer for RNase A and 0.288 mol gmol-1 polymer 
for Lys. A significant decrease in the nitrogen composition after alkaline hydrolysis 
was noted confirming the removal of the template protein molecules, creating RNase 
A and Lys molecularly imprinted polymeric particles (RiMIPs and LiMIPs 
respectively).   
 
Table 4.2 Surface elemental composition (%) of core particles and iMIPs from XPS.  
Polymer particles C O N 
Core 71.63 28.37 0.00 
RNase A-immobilized core 68.50 27.01 4.49 
Lys-immobilized core 72.37 23.06 4.57 
RiMIP  (After hydrolysis) 63.98 35.62 0.40 
LiMIP  (After hydrolysis) 73.36 26.64 0.35 
 
Compared to previous works on protein imprinting (Lin et al., 2007), high amounts of 
the initial template protein (a rough estimate of 91% template extraction) were 
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recovered during the template removal step. The effect of residual protein is negative 
on the rebinding properties of the imprinted polymers (Bonini et al., 2007) but can 
have positive effects on their mechanical strength and rigidity (Hjerten et al., 1997). 
An XPS wide scan analysis of the iMIPs and iNIPs was conducted that showed an 
almost 0% sulphur composition positively confirming that all SDS in the particles had 
been removed.  Electron micrographs of the core and imprinted particles are shown in 
Figure. 4.2. The successful encapsulation of the iron oxide magnetite nanoparticles 
into the core particles were confirmed through TEM observations (Figure 4.2a). The 
core particles were spherical and monodispersed (Figure 4.2b) 
                     
       
Figure 4.2 Electron micrographs of particles (a) TEM image of core particles (b) 
FESEM images of core and (c) imprinted (d) non-imprinted nanoparticles. The sample 
preparation was performed as described in Chapter 3: section 3.5.1.  
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There was no significant morphological difference between the imprinted and non-
imprinted (controls) particles (Figure 4.2 c & d). The specific surface area of the core-
shell imprinted nanoparticles, of sizes ranging from 500-590 nm (Table 4.3) averaging 
at 16 m2 g-1  (Tan et al., 2008a), is comparable to the 40nm protein imprinted 
nanoparticles (Tan et al., 2008b) despite a 500 nm difference in particles sizes. The 
high surface area of the core-shell imprinted particles is attributed to its unique red-
blood-cell-(RBC) like morphology (Figure 4.2) resulting in significantly high template 
protein loading as demonstrated in the subsequent binding analyses.  It should also be 
noted that the RBC morphology of particles makes the outer shell closer to the core 
surface and hence the protein imprinted sites will be located at or near to the particle 
surface.  This provides better site accessibility toward the template proteins.  
 










Core 368 ± 3.7 0.21 - - 
LiMIP 582 ± 5.3 0.01 3.54 ± 0.70 -0.14 ± 0.08 
iNIP 513 ± 4.8 0.07 2.28 ± 0.38 -0.17 ± 0.10 
RiMIP 553 ± 4.6 0.11 3.94 ± 0.59 -0.12 ± 0.05 
aObtained from dynamic light scattering (DLS) measurements.  
bThe samples were measured at pH 6.99 and 25oC.  
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The swelling ratio (S.R) is usually an indicator of the extent of cross-linking and 
hence the flexibility of the imprinted cavities (Table 4.3). The extent of swelling of the 
particles is comparable to previously obtained results on BSA imprinted particles, in 
which the values were in between 3-5 (Tan et al., 2008a). The sizes, zeta potential and 
swelling ratio of the particles are summarized in Table 4.3. 
 
4.3. Singular protein adsorption kinetics 
The mass transport properties of the imprinted nanoparticles are an important 
consideration for protein separation applications. Protein solutions were mixed with 
the particles, and the protein adsorption kinetics test was conducted as described in 
Chapter 3: section 3.3.4. The adsorption profiles of the imprinted and control particles 
are shown in Figure. 4.3.  
 
The imprinted particles displayed favourable adsorption kinetics towards its template 
protein as compared to the non-imprinted particles under the single protein adsorption 
system (Student’s t-Test: p<0.05). In the case of LiMIPs, the Lys adsorption (Figure 
4.3a) was immediate, increased rapidly in the first 2 h and thereafter remained 
constant, and the same kinetics profile was observed for the RiMIPs (Figure 4.3b). 
Such binding curves have been observed for many polymeric adsorbents, (Li et al., 
2009; Lu et al., 2009) and the rapid adsorption is advantageous for protein separation 
and purification. The time dependence curve is typical wherein the adsorption process 
is fast, initially, with the proteins occupying empty binding cavities.  
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Figure 4.3 Single protein adsorption kinetics of (a) LiMIP-Lys (b) RiMIP-RNase A 
(c) LiMIP-RNase A & RiMIP-Lys. Differences between LiMIP-Lys & iNIP-Lys and 
RiMIP-RNase A and iNIP-RNase A were statistically significant. Student’s t-Test: 
p<0.05. iNIPs were used as control samples (  - LiMIP-Lys;  - LiMIP-RNase A;  
- RiMIP-Lys;  - RiMIP-RNase A;  - iNIP-Lys;  - iNIP-RNase A). 
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Subsequently, a balance between rearrangement and desorption of less optimally (in 
case of iMIPs) or non-specifically (in case of iNIPs) adsorbed protein molecules take 
place until saturation occurs (Liu et al., 1995). This could be the reason for the 
“overshoot phenomena” as observed in the adsorption curves of the particles. On the 
other hand, the initial accelerated adsorption rate was less pronounced with the iNIPs 
(Figure 4.3a and b) and the imprinted particles towards their non-template proteins 
(Figure 4.3c). In the case of the iNIPs, the protein molecules were adsorbed non-
specifically due to the absence of molecularly imprinted binding sites. On the other 
hand, the uptake of non-template proteins, Lys by RiMIPs and RNase A by LiMIPs, 
was random and non-specific and the adsorbed amounts were nearly equivalent to the 
non-imprinted particles. The LiMIPs and RiMIPs displayed relatively faster 
adsorption rates towards their template proteins as compared to BSA imprinted 
particles (Tan et al., 2008a) which could be attributed to the significant difference in 
the molecular weights of the template proteins and hence their diffusion coefficients.  
 
The surface immobilization of the template proteins on the core nanoparticles were 
carried out in PBS buffer at 4oC, and an aqueous-based imprinting system was used to 
fabricate the core-shell imprinted nanoparticles at low temperature conditions. The 
experimental conditions ensured the formation of imprinted sites on the iMIPs for the 
non-denatured state of the template protein and minimized protein denaturation during 
the immobilization step. Thus, well-defined three dimensional cavities are created 
within the iMIPs leading to stabilized and specific adsorption of non-denatured 
protein templates (Tan et al., 2008c). Commonly, surface adsorption data are usually 
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fitted to the Langmuir isotherm (Scatchard plot) to determine the saturation binding 
capacity and association constant (KA). However, the rebinding data obtained in this 
study did not fit any commonly known adsorption isotherms such as the Langmuir and 
Freundlich isotherms. The reasons for the unsuccessful fitting of the rebinding data as 
observed previously (Tan et al., 2008b) include incorrect assumptions made for the 
isotherms and inappropriate concentration range under study. Hence, the equilibrium 
binding capacity was used instead of the saturation capacity in the protein adsorption 
calculations. 
 
4.4. Equilibrium binding analyses under single protein condition 
4.4.1. Protein adsorption using Lys  
The adsorption tests were performed at varying initial Lys concentrations (1.2 – 2 mg 
mL-1).  The Lys binding results for all imprinted core-shell nanoparticles are shown in 
Figure 4.4a. A significant preferential uptake of Lys was displayed by the LiMIPs as 
compared to other particles at all initial protein concentrations. This illustrated the 
selectivity of LiMIPs towards its template protein and the success of the molecular 
imprinting approach. The amount of protein adsorbed gradually increased with 
increasing initial Lys concentration for LiMIPs. The highest Lys loading was obtained 
at 1.8 mg mL-1 where the LiMIPs adsorbed a significant 88.5% of Lys compared to 
the control nanoparticles of 11%. Compared to earlier reports on protein imprinting 
(Lee et al., 2007; Lin et al., 2009), high protein loadings were achieved by the 
imprinted particles prepared in this work, due to the unique RBC-like structure of the 
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particles having a high surface to volume ratio. The RiMIPs exhibited low non-
specific adsorption of Lys that was nearly equivalent to the percentage adsorbed by 
the iNIPs. 
 
4.4.1. Protein adsorption using RNase A   
Highest adsorption capacity and specificity was displayed by the RiMIPs towards its 
template protein, RNase A compared to all the other particles (Figure. 4.4b). Highest 
imprinting efficiency of 6.27 was obtained at a concentration of 2 mg mL-1 (Table 
4.4). The trend of increasing RiMIPs binding capacity saturated after a concentration 
of 1.6 mg mL-1 RNase A.  On the other hand, RNase A loadings on LiMIPs were 
random and non-specific since RNase A was the non-template protein in this case. 
This result further strongly confirmed that the Lys adsorption was due to specific 
interactions between the template proteins and the LiMIPs.  
Table 4.4 Imprinting efficienciesa of iMIPs under batch and competitive conditions. 
Particles imprinted with  Singleb Binaryc Ternaryd 
Lys  7.70 6.75 1.93 
RNase A  6.27 1.20 0.74 
aThe imprinting efficiencies were calculated as described in Chapter 3: section 3.3.6.  
bInitial concentration of Lys: 1.8 mg mL-1 & RNase A: 2 mg mL-1.  
cAn equimolar mixture of Lys & RNase A was used.  
dA 1:1:2 mixture of Lys: RNase A: Albumin was used. 
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Figure 4.4 Single protein equilibrium binding analyses for LiMIPs and RiMIPs using 
(a) Lys (b) RNase A (c) BSA solutions. The values plotted were obtained by 
averaging data from three test samples and the error bars represent standard error. 
Statistical significance was denoted by *. One-way ANOVA: p<0.05. iNIPs were used 
as control samples (  - LiMIP;  - RiMIP;  - iNIP). 
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4.4.2. Protein adsorption using BSA 
Additional rebinding studies with albumin as the non-template protein were 
performed. It was observed that there was no significant differential protein uptake 
between the imprinted and control particles (Figure 4.4c). Albumin is not the 
imprinted protein and any adsorption that occurs will be non-specific proving that 
specific molecular affinity was imparted to the imprinted particles using the surface 
imprinting approach. Protein adsorption can occur due to different types of 
interactions such as electrostatic, van der Waals, hydrophobic and hydration forces. In 
this work, a hydrophobic MMA was employed as the functional monomer. Therefore, 
the rebinding between the template protein and the imprinted particles was attributed 
to hydrophobic interactions. Such interactions can be considered to be less specific 
compared to other non-covalent forces such as electrostatic or hydrogen bonding. 
However, it is hypothesized that the collective effect of hydrophobicity and 
complementary shape of the imprinted binding sites to the template protein molecules 
will lead to polymeric nanoparticles with stronger specificity towards the target 
protein.  
 
4.5. Competitive protein adsorption 
4.5.1. Binary adsorption of Lys and RNase A 
The LiMIPs were assayed for their rebinding capacity and selectivity when mixed 
with an equimolar mixture of Lys and RNase A. As seen from Figure 4.5, the 
imprinting effect was maintained even under competitive conditions with the LiMIPs 
                                       Chapter 4 | Protein adsorption behaviour of MIPs 
| 71  
 
exhibiting three fold higher adsorption capacity than the controls. The protein uptake 
by the control particles was non-specific while a significantly greater percentage of 
Lys loading (84.5%) over competitor, RNase A (15.4%), was observed for the 
imprinted particles. The preferential adsorption of Lys over a similar-sized protein 
clearly reflects the high specificity and selectivity of the imprinted particles. It shows 
that only the proteins with the strongest affinity for the surface will be adsorbed, as 
previously observed with BSA imprinted particles (Tan et al., 2008a), confirming the 
presence of template-specific binding sites imparted by molecular imprinting. The 
selectivity parameters of the imprinted particles under binary competitive adsorption 
tests are shown in Table 4.5. A significantly high ß value (relative separation factor) 




Figure 4.5 Binary protein equilibrium adsorption analyses for LiMIPs and RiMIPs. 
An equimolar protein mixture of Lys and RNase A was mixed with the nanoparticles. 
Error bars represent standard error. Statistical significance was denoted by *. 
Student’s t-Test: p<0.05. iNIPs were used as control samples (  - Lys;  - RNase A). 
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Table 4.5 Selectivity parameters of core-shell protein imprinted particles. 
Polymer particles 
KD (mL g-1) 
Separation factor, α 
Relative 
separation 
factor, β Lys RNase A 
LiMIP 59.94 7.26 8.26 (Lys-RNase A) 
27.07 
iNIP 5.71 18.73 0.31 
RiMIP 87.48 33.19 0.38 (RNase A- Lys) 
0.12 
iNIP 5.71 18.73 3.28 
KD, α and β values were calculated as described in Chapter 3: section 3.3.7. 
 
When subjected to similar binary protein conditions, the RiMIPs and iNIPs bound 
nearly the same amount of RNase A. There was also an increased non-specific 
adsorption of the non-template protein (Lys in this case) by the RiMIPs as compared 
to the single protein binding results. During the single protein adsorption tests, 
specific binding of template protein to RiMIPs was observed as compared to control 
particles (Figure 4.4b). It is only in the presence of other competing proteins that a 
different behaviour was displayed by the RiMIPs. While Lys and RNase A are similar 
in molecular weights and sizes, their isoelectric points differ by almost two orders of 
magnitude (Table 4.1). Subsequently, the binary adsorption test was also repeated 
using a Lys and RNase A mixture at pH 9, closer to the isoelectric point of RNase A; 
however, there was no significant improvement in the observed protein adsorption 
behaviour of the RiMIPs.  
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Figure 4.6 Ternary protein equilibrium adsorption analyses of LiMIPs and RiMIPs.  
A mixture containing 25 mol% each of Lys & RNase A and 50 mol% BSA was mixed 
with the nanoparticles. Error bars represent standard error. Statistical significance was 
denoted by *. One-way ANOVA: p<0.05. iNIPs were used as control samples (  - 
Lys;  - RNase A;  - BSA). 
 
4.5.2. Ternary adsorption of Lys, RNase A and BSA mixture  
The selectivity of the imprinted nanoparticles was further studied by subjecting them 
to a ternary protein system containing equimolar concentrations of Lys and RNase A 
(25 mol % each) mixed with an excess of BSA (50 mol %). The imprinted particles 
displayed similar adsorption trend as in the binary protein systems (Figure 4.6). High 
adsorption affinity and molecular selectivity towards the template proteins was 
obtained with the LiMIPs even under such exceedingly competitive environment. 
These results illustrated the high imprinting efficiency achieved with the imprinting of 
Lys through template-immobilized surface imprinting strategy. In order to 
comprehend the high nonspecific adsorption behaviour of RiMIPs, a systematic 
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investigation of protein adsorption kinetics was performed under competitive 
adsorption conditions.  
4.6. Competitive protein adsorption kinetics 
4.6.1. Binary protein adsorption kinetics using Lys and RNase A mixture 
The experiments were conducted under neutral pH and the results are as shown in 
Figure 4.7. A favourable kinetics profile was displayed by the LiMIPs (Figure 4.7a), 
under competitive adsorption conditions, suitable for practical applications. The 
adsorption process was dominated only by template protein (Lys) from the beginning 
owing to the imparted imprinting effect as explained previously. The binary 
adsorption kinetics of RiMIPs is shown in Figure 4.7b. The results show that the 
RiMIPs did indeed adsorb template protein molecules preferentially over its 
competitors under binary conditions. However, this selective adsorption was short-
lived and was quickly masked by the high non-specific uptake of Lys. It has been 
reported that protein-protein interactions are strong between molecules of different 
species (Xu and Regnier 1998). In addition to occurring in solution, the probability of 
such interactions occurring on the adsorbent surface is high due to increased 
population of adsorbed molecules (Willemsen et al., 2004). The extent of protein 
flexibility is defined by the adiabatic compressibility, kS. Proteins with higher 
compressibility have high conformational entropies and hence flexibilities in their 
tertiary structure (To and Lenhoff 2007). 
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Figure 4.7 Binary protein adsorption kinetics of (a) LiMIP (b) RiMIP (c) iNIP. 
Differences between RiMIP-Lys and RiMIP-RNase A were statistically significant. 
Student’s t-Test: p<0.05. iNIPs were used as control samples (  - LiMIP-Lys;  - 
LiMIP-RNase A;  - RiMIP-Lys;  - RiMIP-RNase A;  - iNIP-Lys;  - iNIP-
RNase A).  
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Therefore in the case of RiMIPs, direct, specific adsorption of RNase A onto 
imprinted binding sites did occur during the initial stages of competitive adsorption. 
Additionally, a smaller percentage of similar-sized Lys molecules having higher kS 
(Table 4.1) and hence a more flexible tertiary structure were also adsorbed onto 
RNase A-specific imprinted cavities. Subsequently, the Lys adsorption was followed 
by the non-specific uptake of more Lys molecules onto the pre-adsorbed protein layer 
due to the strong protein-protein interactions. It can also be observed that Lys does not 
cause displacement of proteins, since the amount of RNase A adsorbed by the RiMIPs 
is equivalent to those obtained in the single protein binding results. Additionally, it 
has been reported that this sequence of indirect non-specific adsorption (RNase A 
followed by Lys) is much more commonly observed which explains the absence of 
greater RNase A uptake by LiMIPs (Arai and Norde 1990).  In the case of iNIPs 
(Figure 4.7c), the adsorption process was non-specific and probably diffusion-
controlled and thereby the extent of adsorption of slowly adsorbing Lys molecules 
was decreased (Anand and Damodaran 1995). It is known that proteins experience 
more denaturation when adsorbed onto hydrophobic surfaces than hydrophilic 
surfaces (To and Lenhoff 2007). Such denaturation will be accompanied by 
conformational changes of the protein molecule causing changes in the chemical 
potentials of the adsorbed molecules (Anand and Damodaran 1995). Hence the 
protein-protein interactions described above will not occur between native and 
adsorbed-denatured proteins on control particles.  
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Hence, the molecular recognition ability and selectivity of RiMIPs was masked by the 
high, indirect, non-specific adsorption of Lys (Figure 4.8). Under the conditions of 
this study, it can be inferred that the final composition of the adsorbed layer of the 
imprinted materials under competitive environment depends not only on the target 
protein-surface interaction (due to the imparted molecular affinity) but also on the 




Figure 4.8 An illustration of competitive protein adsorption behaviour of Lys and 
RNase A imprinted nanoparticles. The figure depicts the specific adsorption of Lys 
(template) by the LiMIPs due to the imparted molecular affinity and the high non-
specific adsorption of Lys (non-template in this case) by the RiMIPs owing to strong 
cross-protein interactions during binary protein adsorption process.  
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4.6.2. Ternary protein adsorption kinetics  
The ternary adsorption behaviour of the imprinted particles follows the profiles 
obtained in the binary adsorption tests. Here, a greater percentage of BSA was used in 
order to simulate an actual separation environment. It was observed that the LiMIPs 
were selective towards Lys even in the presence of a large excess of non-template 
protein molecules (Figure 4.9). Even so, BSA takes up about 20% of the total 
adsorbed amount by the particles in all the cases, which might be related to its 
relatively large molecular size. In fact, Wendorf et al., (2010) observed that protein 
size can affect the extent of protein adsorption. A large protein will have a greater 
number of anchoring segments (Shirahama et al., 1990) and result in higher contact 
surface area (Chen et al., 2007) and, therefore, enhanced non-specific interactions, as 
observed in this case. Furthermore, it is possible that large proteins like BSA are 
structurally more flexible (Table 4.1) leading to increased spreading that can also 
result in amplified interactions.  
 
It should be noted that the competitive adsorption results were obtained only for one 
initial concentration and might not be generalizable to other concentrations due to 
non-linearity of the adsorption behaviour. Nevertheless, this investigation sheds light 
on the different contributions of protein-surface and protein-protein interactions, and 
physic-chemical properties such as adiabatic compressibility to competitive adsorption 
behaviour of surface imprinted materials. The discussion presented is based on 
indirect evidence since there are no known instruments to visually prove and verify 
such behaviour.  
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Figure 4.9 Ternary protein adsorption kinetics of (a) LiMIP (b) RiMIP (c) iNIP. iNIPs 
were used as control samples  (  - LiMIP-Lys;  - LiMIP-RNase A;  - LiMIP-
BSA;  - RiMIP-Lys;  - RiMIP-RNase A;  - RiMIP-BSA;   - iNIP-Lys;  - 
iNIP-RNase A;  - iNIP-BSA).  
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4.7. Singular protein desorption kinetics 
Desorption kinetic studies were performed, as described in Chapter 3: section 3.3.5, to 
judge desorption and regenerative capability of the imprinted materials for practical 
applications. Since hydrophobic interactions dominate the rebinding of template 
proteins, a more hydrophobic solvent was used for desorbing the protein molecules. 
The results of the test applied to the LiMIPs are shown in Figure 4.10a. The 
desorption kinetics of the control particles were faster than the LiMIPs and this is 
attributed to the non-specific adsorption behaviour of the iNIPs. Using a mixture of 
50% acetonitrile (ACN)/water, nearly 80% of the initial protein adsorbed was 
desorbed after 24 h. The residual protein could not be removed in spite of increasing 
the time of desorption. It is possible to achieve a 100% protein removal by increasing 
the hydrophobicity of the desorbing solvent, but this might be complemented with 
undesirable protein denaturation (Tan and Tong 2007c).  
 
The LiMIPs were also subjected to cycles of adsorption and desorption and the results 
are as shown in Figure 4.10b. A progressive reduction in the rebinding ability of the 
imprinted particles was observed with 20% reduction between the first and second 
adsorption step. The nanoparticles aggregation progressed with increasing number of 
washes with the hydrophobic solvent and the particles could not be redispersed after 
the second desorption step. Although the nanoparticles can be reused only once, the 
surface imprinting protocol is a relatively simple and convenient technique for quick 
synthesis of protein specific nanoadsorbents.  
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Figure 4.10 (a) Desorption kinetic study. The particles were mixed with a desorbing 
solvent: 50% ACN/ water. Differences between imprinted and control particles were 
statistically significant. Student’s t-Test: p<0.01. iNIPs were used as control samples 
(  - LiMIP-Lys;  - iNIP-Lys). (b) Regenerability study of LiMIPs. Alternative 
cycles of adsorption and desorption were conducted. The values plotted were obtained 




Protein surface imprinted poly (MMA-co-EGDMA) particles have been successfully 
synthesized using a two-stage core-shell miniemulsion polymerization with sizes 
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around 500 – 590 nm. The imprinting strategy was based on the surface 
immobilization of template protein molecules through a series of surface modification 
of the core nanoparticles. By applying the strategy to different template proteins like 
Lys and RNase A with similar sizes and varying physical and chemical characteristics, 
the broader applicability of the surface imprinting strategy was demonstrated. Rapid 
and favourable adsorption and desorption kinetics, high adsorption capacity and 
specificity towards its template protein were displayed by the imprinted particles, as 
compared to the control particles under single protein (batch) adsorption conditions.  
 
However, during the competitive adsorption tests the protein binding behaviour of the 
LiMIPs and RiMIPs were rather different.  While the LiMIPs exhibited high 
imprinting efficiency and superior molecular selectivity, these parameters were 
reduced for the RiMIPs in the presence of other competing proteins. Subsequently, an 
investigation on the kinetics of competitive adsorption was conducted, and a 
hypothesized mechanism of protein adsorption by RiMIPs under competitive 
conditions was proposed. The factors such as protein flexibility, protein-protein and 
cross-protein interactions, were deduced to be responsible for the observed high, non-
specific adsorption of Lys by the RiMIPs.   From this study, it can be inferred that, in 
addition to the molecular affinity behaviour of the imprinted particles, the individual 
characteristics of the template and non-template proteins and their mutual interactions 
play a prominent role during highly complex competitive protein adsorption 
processes. Such studies will be extremely useful in the future practical applications of 
these artificial receptors as enzyme or antibody mimics. 








TREATING VIRAL INFECTION USING MOLECULARLY 
IMPRINTED POLYMERIC NANOPARTICLES: A NOVEL 




Based on the protein imprinting studies discussed in Chapter 4, the imprinting 
techniques were further extended to large structures like viruses. In this chapter, the 
synthesis of virus imprinted receptors against viruses, optimization of the virus-
monomer interactions and the imprinting procedures and a hypothesized mechanism 
of virus imprinting via miniemulsion polymerization will be described (Research 
objective 2). Finally, a first-time application of molecularly imprinted particles for 
infectious disease treatment will be presented (Research objective 3). The results from 
this chapter have been published in Journal of Materials Chemistry B, DOI: 
10.1039/C3TB00009E. 
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5.1. Introduction 
Imprinting of biological molecules such as peptides, nucleotides, hormones and 
proteins have been studied in recent years with varying degrees of success, (Janiak 
and Kofinas 2007) and there has been a steady increase in the volume of literature in 
this field. Previously, surface imprinted nanoparticles using a one-stage miniemulsion 
polymerization was successfully fabricated (Tan and Tong 2007a) and an optimized 
condition for the effective application of the polymerization system to protein 
imprinting was defined (Tan et al., 2008b). Following this, a two-stage core-shell 
miniemulsion polymerization surface imprinting approach was developed using 
immobilized templates against a large globular acidic protein, bovine serum albumin 
(Tan et al., 2008a). For the first time, the protein adsorption behaviour of such 
imprinted particles was examined under competitive conditions, and the general 
applicability of the surface imprinting approach was illustrated for a whole class of 
protein molecules with varying physico-chemical properties (Chapter 4).   
 
Based on the understanding and expertise obtained from imprinting of proteins, in this 
chapter, a study on surface imprinting via miniemulsion polymerization as a viable 
imprinting system for viruses is presented. Following this, a first-of-its kind study on 
the utilization of virus imprinted materials as antiviral agents for disease treatment is 
presented.  Despite the successes achieved in the molecular imprinting field in 
general, application of imprinting techniques to viruses remains underdeveloped and 
largely in its infancy. Viruses are inherently more complex than proteins and starkly 
different from bacteria and cells. Typically, a virus consists of nucleic acids 
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surrounded by a protective coat termed as the capsid. The capsid forms the outer shell 
encoded by the viral genome and comprises of abundant proteins assembled into a 
three-dimensional (3D) capsid structure. To date, there have been only few reports of 
virus imprinted systems using viruses as templates mostly for sensing applications 
(Jenik et al., 2009). Majority of such MIP systems involves two-dimensional (2D) 
“stamps” of viruses on a cross-linked surface, which after virus imprinting and 
subsequent removal, bind meagre amounts of viruses on the surfaces (Chapter 2: 
section 2.4). Although these MIP systems effectively detect the presence of small 
amounts of analyte, the application of surface imprinting via miniemulsion 
polymerization to viral templates will produce nanoparticles capable of binding large 
amounts of viruses for use in treating viral diseases. Viral protein or its fragments 
have also been employed as templates for imprinting, and the viral-protein imprinted 
polymers obtained were used for whole virus recognition and binding. However, such 
polymers if used as antiviral agents will lose their effectiveness with time owing to 
constant viral mutations, as observed in vaccine therapy. Hence in this study, instead 
of using isolated viral proteins or fragments, whole viruses were chosen as templates, 
thereby targeting a large portion of the viral surface.  
 
Surface imprinting via miniemulsion polymerization was applied to synthesize 
complementary polymeric mimics of the protein-based viral shells in aqueous 
medium. Initially, a simple one-stage miniemulsion polymerization system was 
employed to prepare virus surface imprinted nanoparticles. During the imprinting 
process, the viruses were directly added into the polymerization system. Alternatively 
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to improve viral recognition, a two-stage miniemulsion polymerization was also used, 
wherein the whole viral templates instead of being free were covalently immobilized 
on core particles. Miniemulsion polymerization is an advantageous imprinting system 
due to its high polymerization rate and excellent heat dispersal ability making it viable 
for large-scale applications.  The resultant artificial receptors targeting not just a 
single viral antigen but a constellation of protein residues on the viral capsid, would 
actively be able to recognize, adsorb and remove any disease causing viruses. The 
effectiveness of recognition and virus capture of the imprinted nanoparticles prepared 
under different polymerization systems were compared and studied through virus 
adsorption kinetics and rebinding studies.  The imprinted particles can potentially be 
applied as antiviral agents that will target and disable the viruses before it infects the 
cells, and hence prevent viral infections. In order to validate this proposal, the antiviral 
activity of the virus imprinted nanoparticles was studied in real-time infection 
conditions, by conducting a series of inhibition assays of viral infection in a host-virus 
environment.  
 
5.2. Model host-virus system 
For this study, a simple bacteriophage was used as the model virus as they are 
increasingly being used as surrogates for human viruses. Phages are viruses that infect 
bacteria and a fr bacteriophage (ATCC® 15767-B1TM) was chosen as the model virus 
in this study. Fr is a small enteric phage that belongs to the family Leviviridae and is 
specific to its bacterial host Escherichia coli (E. coli) (ATCC® 19853TM) (Pushko et 
al., 1993). The infective fr virion is icosahedral in shape composed of a coat protein, a 
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maturation (or A) protein and a single-stranded ribonucleic acid (RNA). The coat 
protein and other maturation proteins assemble to form the phage of 23 nm in size. 
The fr phage has an isoelectric point ranging from 8.9 to 9 (Abbaszadegan et al., 
2007) and thus has an overall positive charge in the naturally occurring pH range of 6-
8. Bacteriophages such as the fr phage have been recently used as “indicator viruses” 
owing to their similarity to many medically important human viruses such as 
enteroviruses in terms of size, composition, structure and morphology. In addition, the 
absence of replication in the environment, similar to mammalian viruses that do not 
replicate outside the human body, makes them an ideal human surrogate virus in this 
work. The fr phages used in the studies were grown through procedures described in 
Chapter 3: section 3.4.3 and were imaged shown in Figure 5.1 
 
 
Figure 5.1 TEM image of fr bacteriophages. The phages are denoted by black arrows. 
Sample preparation was performed as described in Chapter 3: section 3.5.1. 
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5.3. Virus imprinted nanoparticles using one-stage miniemulsion 
polymerization  
A one-stage redox-initiated miniemulsion polymerization was employed in the 
preparation of surface imprinted nanoparticles (Chapter 3: section 3.4.5). The 
selectivity of any imprinted polymer is determined by the functional monomers used, 
with methacrylate and acrylic acid monomers being used previously for imprinting of 
biomolecules through non-covalent assembly (Bonini et al., 2007; Wiklander et al., 
2011). Imprinted and non-imprinted nanoparticles were fabricated in the presence of a 
hydrophobic cross-linker ethylene glycol dimethacrylate (EGDMA) mixed with 
different functional monomers with a fixed molar ratio of 1:4. The cross-linker helps 
to maintain the mechanical stability of the imprints and produces particles that can be 
easily handled.  FESEM images showed (Figure 5.2) that the imprinted nanoparticles 
prepared with different monomers were spherical and monodispersed having a narrow 
size distribution. Virus imprinted polymeric nanoparticles (vMIPs) were obtained by 
the addition of fr phages (template virus) into the monomer phase prior to the 
polymerization step. The presence of the template molecules did not affect the sizes of 
the particles, and there were no significant morphological differences between the 
vMIPs and the non-imprinted particles (NIPs). The sizes of the imprinted particles 
prepared were about 40 nm (Table 5.1) with specific surface areas averaging at 24.5 
m2 g-1 as reported previously (Tan and Tong 2007a). 
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Figure 5.2 FESEM images of particles prepared using the one-stage miniemulsion 
polymerization (a) vMIPMMA (b) NIPMMA (c) vMIPMAA (d) NIPMAA. Sample 
preparation was performed as described in Chapter 3: section 3.5.1.There was no 
observable morphological differences between the virus imprinted and non-imprinted 
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Table 5.1  Size measurements of core particles, vMIPs and viMIPs. 
Polymer particles Mean diameter (nm) a   
One-stage miniemulsion polymerization b   
vMIPMMA  40 ± 5.1 
NIPMMA 40 ± 6.3 
vMIPMAA  39 ± 8.2 
NIPMAA 39 ± 9.1 
Two-stage miniemulsion polymerization c   
Core particles 353 ± 6.9  
viMIP 591 ± 2.7  
iNIP 575 ± 2.3  
aPresented as mean ± SD error.  
bSizes measured directly from FESEM images. At least 50 particles from different 
sample areas were measured and the average value is presented. 
cParticle sizing performed using dynamic light scattering (DLS). 
 
The success of imprinting via one-stage miniemulsion polymerization depends on the 
interaction, covalent or non-covalent, between the monomer encapsulated micelles 
and the template molecules. X-ray photoelectron spectroscopy (XPS) was used to 
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confirm the inclusion of the template virus during miniemulsion polymerization and 
the extraction of the template by sodium dodecyl sulphate (SDS) /acetic acid washing 
solvent. A significantly high percentage of nitrogen (Table 5.2) was noted after the 
imprinting process that subsequently reduced following the template removal step for 
both vMIPMMA and vMIPMAA particles. It is hypothesized that the template virus when 
mixed with the miniemulsion, having abundant amphiphilic protein residues on its 
capsid surface, interacted non-covalently with the functional monomers methyl 
methacrylate (MMA) & methyl acrylic acid (MAA) through hydrophobic and 
electrostatic interactions respectively. As a result, the template virus was adsorbed to 
the micelles and was partitioned across the boundary.  Subsequently polymerization 
was initiated with the template virus fixed at the boundary thus producing polymeric 
nanoparticles.  Owing to the abundant amine groups on the viral protein shell, an 
increase in nitrogen composition was thus observed after the imprinting step. 
Interestingly, the nitrogen composition obtained for vMIPMAA was higher than those 
obtained for vMIPMMA indicating that a higher percentage of the viral templates were 
imprinted for vMIPMAA. Upon subsequent template removal, the most challenging step 
in molecular imprinting, binding sites that had the shape, size, and functional group 
orientation complementary to the virus were formed on the nanoparticle surface. The 
removal of the template viruses was indicated by the reduction in nitrogen 
composition (Table 5.2). During the washing procedure, 91.4 % and 91.7 % of the 
initial template imprinted was extracted from the vMIPMMA and vMIPMAA particles 
respectively, indicating an effective template removal. From the discussion above, the 
imprinting of viruses via one-stage miniemulsion polymerization system is illustrated 
in Figure 5.3.    
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Table 5.2  Surface elemental composition (%) of vMIPs obtained from XPS. 
Polymer particles C O N 
Before template removal  
vMIPMMA 63.96 35.64 0.35 
vMIPMAA 62.38 37.02 0.60 
After template removal     
vMIPMMA  68.65 31.32 0.03 
vMIPMAA   70.02 29.83 0.05 
Control particles    
NIPMMA 72.35 27.57 0.08 
NIPMAA 69.19 30.66 0.05 
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Figure 5.3 An illustration of virus surface imprinting in one-stage miniemulsion 
polymerization system.  
 
5.4. Virus imprinted nanoparticles using two-stage miniemulsion 
polymerization  
An alternative viral imprinting method, a two-stage miniemulsion polymerization, was 
used to improve virus-monomer interactions and recognition. In this strategy, the viral 
templates were covalently immobilized onto core particles prior to the surface 
imprinting step. The advantage of template immobilization can be realized in cases 
where the template molecules are not soluble in the imprinting polymerization mixture 
and has previously been proven to be effective for imprinting protein molecules 
(Chapter 4). Additionally, it is a promising approach for imprinting large structures 
like viruses since it minimizes template aggregation and also aids in the creation of 
homogenous binding sites (Bonini et al., 2007). Poly (MMA-co-EGDMA) core-shell 
virus-immobilized molecularly imprinted polymers (viMIPs) were synthesized as 
described in Chapter 3: section 3.2 and 3.4.6. Non-imprinted particles (iNIPs) were 
also prepared without the addition of the template virus. MMA and EGDMA were 
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chosen as the monomers for this imprinting strategy. MMA, a common monomer used 
in oil-in-water miniemulsion polymerization systems, provide the ester groups on core 
particles surfaces essential for subsequent amine-functionalization reaction. As 
discussed in section 5.3, MMA was used to form hydrophobic interactions during the 
imprinting shell layer synthesis. A series of surface functionalization reactions were 
performed on the core particles in order to immobilize the template viruses and the 
reactions were monitored using XPS. The success of each surface modification step 
was associated with a corresponding change in the surface composition of nitrogen. 
The successful immobilization of template virus on the particle surface through 
glutaraldehyde bridging was confirmed by the significant increase in nitrogen 
composition from 0.75% to 1.68% (Table 5.3). Finally, the viMIPs after template 
removal had no observable difference in nitrogen composition compared to the iNIPs, 
confirming the success of the template removal step.   
 
The sizes of the particles were determined using DLS and summarized in Table 5.1. 
The nanoparticles increased significantly in size from 350 nm to 590 nm after the 
formation of the imprinted shell layer over the core particles, and the viMIPs and 
iNIPs had a unique red-blood-cell- (RBC) like morphology (Figure 5.4). As reported 
previously in Chapter 4: section 4.2, the large RBC-like core-shell particles, have 
aseptic surface area that is nearly equivalent to those prepared by the one-stage 
miniemulsion polymerization. The high specific surface areas and the unique concave 
surface morphology enabled the imprinted binding sites to be close to the core particle 
surface for enhanced smooth mass transfer. 
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Figure 5.4 FESEM images of particles prepared using the two-stage miniemulsion 
polymerization (a) viMIP (b) iNIP. Sample preparation was performed as described in 
Chapter 3: section 3.5.1.There was no observable morphological differences between 
the virus imprinted and non-imprinted particles (controls).  
 
Table 5.3  Surface elemental composition (%) of viMIPs obtained from XPS. 
Polymer particles C O N 
Core  67.66 32.34 0.00 
Amine-functionalized core  67.54 31.36 1.10 
Aldehyde-functionalized core 66.11 27.24 0.75 
Virus-immobilized core 73.53 24.79 1.68 
viMIP after alkaline hydrolysis 64.06 35.86 0.05 
iNIP 61.27 38.73 0.00 
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5.5. Equilibrium virus rebinding analyses 
The primary aim of this work is to prepare virus surface imprinted particles that can 
recognize and preferentially bind the template virus in an aqueous environment.  In 
order to study this objective, the polymeric nanoparticles were subjected to 
equilibrium virus rebinding experiments. Equal volumes of fr phage solutions 
(template virus) at a titre (concentration) of 6300 pfu mL-1 were aseptically mixed 
with imprinted particles (vMIPs and viMIPs). After 24 h of mixing at 4oC, the phage 
titre in the supernatant was established by phage enumeration assay as described in 
Chapter 3: section 3.4.4. Non-imprinted particles (NIPs and iNIPs) and phage 
solutions without nanoparticles were used as control samples. The effectiveness of 
virus capture was expressed in terms of: 
 
Log Reduction Value (LRV) = Log (CINITIAL) – Log (CFINAL)                  (5.1) 
 
 
where CINITIAL and CFINAL are the concentration of viruses before and after mixing 
with particles (pfu mL-1). A higher LRV signifies a lower CFINAL value and hence 
higher phage adsorption by the particles. The results from the virus rebinding test 
carried out using the different functional monomers and polymerization methods are 
shown in Figure 5.5.  
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5.5.1. Equilibrium virus rebinding analysis of vMIPs  
At an equal polymer dose of 0.01 g mL-1, higher LRV was obtained for the imprinted 
nanoparticles as compared to their non-imprinted counterparts. Maximum reduction in 
supernatant phage titres resulted in 1.16 and 1.46 times higher LRV for the vMIPMMA 
and vMIPMAA respectively than the corresponding non-imprinted particles (Figure 
5.5). Additionally, there was no significant difference in the phage concentration of 
the control without particles (not shown in figure). Hence, the reduction in supernatant 
phage titres was due to the adsorption of the phages by the particles during the mixing 
procedure, and the differential binding between imprinted and control particles can be 
attributed to the imprinting effect. Following imprinting and template removal, the 
vMIPs contain template-specific imprinted cavities that exhibit high affinity towards 
the template virus (fr phages). Hence, when these polymeric nanoparticles come in 
proximity to the phages, preferential binding occurs on the nanoparticle surface 
resulting in an overall reduction, in the concentration of phages in solution.  
 
As mentioned in section 5.3, hydrophobic and electrostatic interactions dominate the 
virus rebinding processes of vMIPMMA and vMIPMAA respectively. On the other hand, 
the non-imprinted particles prepared in the absence of the template, does not have any 
pre-determined template affinity, and hence any phage uptake by these particles would 
be via non-specific adsorption.  Additionally, the vMIPMAA displayed 28% higher log 
reduction in phage titres than the vMIPMMA.  This differential binding between the 
imprinted particles, prepared with different functional monomers, could be attributed 
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to the greater amount of template viruses imprinted during the synthesis of MAA 
imprinted polymers (Table 5.1). 
 
 
Figure 5.5 Equilibrium virus rebinding analyses. Fr phage suspensions of titre 6300 
pfu mL-1 were mixed with nanoparticles for 24 h at 4oC. Average of values of three 
test samples was plotted and the standard error is represented by error bars. Statistical 
significance was denoted by +/*. Student’s t-Test: * p< 0.01; + p<0.05. Phage solution 
without particles (results not shown), NIPs, iNIPs were used as control samples (  - 
virus imprinted particles;  - non-imprinted particles). 
 
The virus rebinding test was carried out using different initial phage titres and 
polymer doses and the results are shown in Figure 5.6. Increase in polymer dose had 
an obvious, positive influence and increased LRV due to higher phage adsorption by 
the particles was observed.  On the other hand at equal polymer dose, a one log 
increase in phage titres resulted in 12% decrease in LRV, and hence phage loading on 
the vMIPs. Thus, poly (MMA-co-EGDMA) and poly (MAA-co-EGDMA) virus 
surface imprinted nanoparticles were successfully fabricated using one-stage redox-
initiated miniemulsion polymerization. The vMIPMAA particles displayed higher 
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preferential affinity towards the template virus as compared to vMIPMMA particles due 
to favourable hydrogen bond formation and electrostatic interactions between the 
template viruses and particles, resulting in increased recognition and specific binding 





Figure 5.6 Equilibrium virus rebinding analysis of vMIPs at different (a) phage titres; 
a: 6300 pfu mL-1; b: 63000 pfu mL-1 (b) polymer doses; X: 0.005 g mL-1. Statistical 
significance was denoted by *. Student’s t-Test: p< 0.01. Phage solution without 
particles (not shown), NIPs, iNIPs were used as control samples (  - vMIPMAA;  - 
NIPMAA). 
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5.5.2. Equilibrium virus rebinding analysis of viMIPs  
A more interesting and effective result was observed with the two-stage miniemulsion 
polymerization method (Figure 5.5). At equal polymer doses of 0.01 g mL-1, 
maximum log reduction in phage titres was obtained for the viMIPs as compared to all 
the polymeric particles. The LRV obtained for the viMIPs were 3.25 times higher than 
the corresponding control particles. These binding results correlate with the XPS 
results (Table 5.3) that indicated a significantly high percentage of template viruses 
were imprinted for viMIPs as compared to the vMIPMMA or vMIPMAA. This signifies 
that the imprinting using immobilized viral templates aids in enhancing template-
monomer interactions as compared to imprinting of free templates. Consequently, the 
two-stage imprinting not only improved the specific virus uptake of the viMIPs but 
also effectively diminished the non-specific viral binding by the iNIPs, illustrating the 
successful creation of imprinted sites on the viMIPs. In addition to hydrophobic 
interactions occurring between the functional monomer (MMA) and template virus, 
the shape complementarity of the binding cavities created by the outer icosahedral-
shaped protein capsid were also responsible for the superior recognition and 
adsorption ability of the viMIPs.  
 
Even so, there could be concerns on the suitability of using MMA as the functional 
monomer instead of MAA during the second stage of polymerization, because 
hydrophobic interactions are generally considered less specific than other non-
covalent interactions like ionic and hydrogen bonds. However, its ease of applicability 
in aqueous medium and its effective application in imprinting of biomolecules has 
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been previously demonstrated (Mollnelli et al., 2005; Rachkov and Minoura 2000). 
Although MAA proved to be a better functional monomer for the one-stage imprinting 
polymerization of free viral templates, the superior virus adsorption and binding 
capability of the viMIPs indefinitely prove that imprinting of viruses is also possible 
exclusively based on hydrophobic interactions.   
 
5.6. Virus adsorption kinetics 
The kinetics of virus adsorption by the MIPs needs to be known if they are to be used 
as antiviral agents, and; therefore, the effect of a single dose of imprinted particles on 
phage titres was determined over time.  Equal volumes of phage suspensions at titres 
of 6300 pfu mL-1 were mixed with the imprinted particles for 3, 6, 22.5, 24 h at 4oC. 
At each time point, the phage titre in the supernatant was established by phage 
enumeration assay as described in Chapter 3: section 3.4.4. Control samples were 
included consisting of non-imprinted particles and phage solutions without particles. 
The virus imprinted particles displayed fast and favourable adsorption kinetics profiles 
(Figure 5.7).  The imprinted particles exhibit a typical binding curve, as in most 
adsorption processes, having a high initial adsorption rate that decreases with time 
until equilibrium is achieved.  After 3 h of mixing with phages, higher LRV values of 
0.67 and 0.56, and hence greater virus adsorption were observed for vMIPMAA and 
viMIPs respectively  as compared to their non-imprinted counterparts (p<0.01). A 
maximum of 1.09 log reduction in phage titre was observed after 6 h of mixing with 
viMIPs. There were no significant differences in the initial and supernatant 
concentrations of the controls without particles indicating that the reduction in phage 
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titres were caused only due to specific phage adsorption by the imprinted particles.  
The non-imprinted particles exhibit non-specific phage adsorption, resulting in 
significantly lower LRV and the adsorption reaches equilibrium in a short time period.   
 
 
Figure 5.7 Virus adsorption kinetics study. Fr phage suspensions at titre of 6300 pfu 
mL-1 were mixed with the particles for 3, 6, 22.5, 24 h at 4oC. Bars represent standard 
error. Differences between imprinted particles and controls were statistically 
significant. Student’s t-Test: p< 0.01; Phage solution without particles (not shown), 
NIPs and iNIPs were used as control samples (  - vMIPMAA;  - NIPMAA;  - viMIP; 
 - iNIP). 
 
5.7. Antiviral studies in a model host-virus system 
The virus rebinding and kinetics studies showed that imprinting of viruses was 
possible via miniemulsion polymerization and virus imprinted particles could be 
synthesized, capable of specifically recognizing and adsorbing maximum amount of 
target viruses within 3 h in aqueous medium. Subsequently, the application of 
molecularly imprinted materials as antivirals for disease treatment was studied. Real-
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time viral infection conditions were replicated using a model host-virus system, and 
the capability of the imprinted particles to bind target viruses was studied in the 
presence of host cells. A bacterial growth assay was performed as described in 
Chapter 3: section 3.4.8. E. coli were infected with fr phages with a multiplicity of 
infection of 1 (MOI or ratio of viruses to cell numbers) and treated with a single dose 
of vMIPs or viMIPs together with the controls. The bacterial growth of these samples 
was monitored, and the bacterial concentration (expressed in log numbers) was 
enumerated after 4 and 8 h of infection (Figure 5.8).  
 
Phage-infected bacteria incubated with imprinted particles displayed the highest 
bacterial concentration and growth rates at all time points, as compared to the controls 
with and without non-imprinted particles. At a single polymer dose of 0.01 g mL-1 
after 4 h of infection, a 0.59 and 1.08 log higher bacterial concentrations were 
observed for samples containing vMIPMAA and viMIPs respectively as compared to 
phage-infected bacterial control samples. After 8 h of infection, a 15 % reduction of 
this higher concentration was observed for the imprinted particles. In contrast, 
bacterial growth with the non-imprinted particles was sluggish and displayed lower 
concentrations that were similar to the phage-infected bacterial control samples.  
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Figure 5.8 Antiviral effect of particles in a host-virus system after a single polymer 
dose. Bacteria were infected with phages in the presence of particles and the cfu ml-1 
of the live bacteria was determined at different time points. Standard error was 
denoted by error bars. Differences between imprinted particles and the control 
samples were statistically significant. Single-factor ANOVA: p< 0.01. Phage infected 
and non-infected bacteria (both without particles), NIPs and iNIPs were used as 
control samples (  - vMIPMAA;  - NIPMAA;  - viMIP;  - iNIP;  - Phage-infected 
bacteria;  - Non-infected bacteria).  
 
It can also be observed, for a single MIP dose, the virus infection was not completely 
blocked by the imprinted particles when compared to the non-infected controls. As a 
subsequent measure, a booster dose made of 20% of the initial polymer dose was 
applied to all test samples (Figure 5.9). However, no statistically significant 
improvement in bacterial growth was observed even with the booster dose in all cases 
implying that the effect of the imprinted particles is not detectable at high viral doses.  
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Figure 5.9 Antiviral effect of particles in a host-virus system after a booster dose. 
Differences between the samples with and without booster dose were not statistically 
significant. Phage infected and non-infected bacteria (both without particles), NIPs 
and iNIPs were used as control samples (  - vMIPMAA;  - NIPMAA  - viMIP;  - 
iNIP;  - Phage-infected bacteria;  - Non-infected bacteria). 
 
5.7.1. Effect of imprinted particles on host cell viability 
Additional experiments were performed to investigate if the particles alone had an 
effect on the growth of the host bacteria. Non-infected bacteria were cultured in the 
presence of equal concentrations of imprinted or non-imprinted particles for 12 h, and 
non-infected bacteria without particles were used as controls (Chapter 3: section 
3.4.8). There were no significant statistical differences in bacterial concentration 
between the samples and the bacterial control at all time points, thus implying that the 
imprinted particles do not have any positive or negative effect on the host cell viability 
(Figure 5.10).  
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Figure 5.10 Influence of particles on bacterial growth. Differences between the 
samples containing particles and bacterial control were not statistically significant. 
NIPs, iNIPs and bacteria without particles were used as control samples (  - 
vMIPMAA;  - NIPMAA;  - viMIP;  - iNIP;  - Bacteria). 
 
5.7.2. Infectivity of the adsorbed viruses 
To determine if the virus-adsorbed particles exhibit infection behaviour, a bacterial 
growth assay was performed in the presence of imprinted particles after the binding 
process (Chapter 3: section 3.4.8). Under identical assay conditions, the bacterial 
concentration values were nearly equal among the virus-adsorbed particles and the 
control samples (Figure 5.11). This suggested that the viruses were inactivated by the 
binding process, and viral desorption is impeded even in the presence of the host cells.  
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Figure 5.11 Adsorbed virus infectivity study. Single-factor ANOVA: p<0.01. 
Bacteria without particles and particles before adsorption and were used as control 
samples (  - vMIPMAA;  - NIPMAA;  - virus-adsorbed vMIPMAA;  - virus-adsorbed 
NIPMAA;  - Bacteria). 
 
5.8. Treating viral infections using imprinted particles 
Antivirals are majorly classified based on the stage of viral infection targeted. The 
discovery of drugs that attack the initial stages prior to viral attachment and entry is 
considered as the most effective therapeutic approach. There have been very few 
reports on entry inhibitors, and only one has been approved for use, which targets the 
surface envelope-protein of HIV and prevents the viral fusion step (Matthews et al., 
2004). In addition to these drugs, a number of works have been reported involving 
imprinting of viral protein or its fragments for whole virus recognition and binding 
(Lu et al., 2012; Ramanaviciene and Ramanavicius 2004; Tai et al., 2005). However, 
it is known that viruses exploit all possible routes such as high replication and 
mutation rates in order to ensure their survival. So, therapeutic strategies like drugs 
and vaccines or artificial receptors targeting a single viral antigen will eventually lose 
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their effectiveness due to constant viral mutations.  Instead of attacking a single 
protein residue or receptor, the proposed antiviral approach targets a large portion of 
the viral protein shell or capsid. The imprinting strategy via miniemulsion 
polymerization enables interaction between the viral capsid, consisting of numerous 
protein residues, and the complementary functional moieties of the monomers at 
specific spatial positions. In addition to functional interactions with the capsid, the 
viral capsid’s shape serves as the basis for its morphological imprinting thereby 
increasing the specificity and probability of whole viral surface recognition and 
adsorption by the imprinted particles. 
  
The fr phages infect their host E. coli in a lytic cycle and at the beginning of this 
infection, free phages, phage-adsorbed on host bacteria, phage-infected bacteria, and 
non-infected bacteria, all coexist together. Therefore, in a treatment cycle, the 
imprinted particles can potentially target the fraction of extracellular phages.  
Assuming that the infected host cells do not divide, coupled with the absence of 
multiple phage adsorption to a single infected host, the significant improvement in 
bacterial concentration, in the presence of imprinted particles, is attributed to a 
proportional decrease in phage titres (Figure 5.8). As observed from the virus 
adsorption kinetics study (Figure 5.7), maximum phage adsorption occurred after 3 h 
of contact time between the imprinted particles and phages. Hence, within 4 h of 
infection, the virus imprinted particles recognizes and adsorbs the phages, thereby 
preventing the phages from infecting its host E. coli.  
 
 Chapter 5 | Treating viral infection using MIP nanoparticles 
| 109  
 
However, phage growth is a function of two important parameters: latent period and 
burst size (Ellis and Delbruck 1939). Latent period is the time from the beginning of 
the infection cycle until cell lysis, and the number of phages produced per host cell in 
a generation is termed as the burst size. The RNA phages such as the fr have been 
reported to have high phage production rates ranging between 10 to 100 phages per 
cell with a latent period between 10 to 60 min (Abedon et al., 2001). Therefore, any 
fraction of the phages not adsorbed by the particles can infect the bacteria to produce, 
on an average, 55 phages per infected cell every 35 min, thus rapidly increasing phage 
titres in a short time period, as would happen in a standard phage infection. 
Additionally, the non-infected colonies doubles in each generation and the phage 
replication cycle will reach equilibrium once the bacterial population approaches the 
stationary phase. Therefore, the significantly high percentage of non-infected colonies 
and 28.5 % improvement in bacterial growth rate after 4 h of infection, in the presence 
of the imprinted particles, was due to the prevention of viral attachment and entry into 
the host cells. Although a complete cure was not possible, since the rate of phage 
production was much higher than the phage adsorption rate by the imprinted particles, 
the significant reduction of viral infection strongly demonstrates the antiviral activity 
of the imprinted particles. The treatment effect of the imprinted particles discussed in 
this section is rather similar to common antiviral drugs and viral vaccines as any viral 
treatment aids in reducing the severity of illness but does not completely cure or 
prevent the infection.    
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With no prior works on using imprinted polymers as antiviral agents, the results 
presented in this chapter are comparable to antiviral drug screening studies performed 
using phages as model viruses (Cock and Kalt 2010; Su et al., 2010). Non-enveloped 
phages like fr or MS2 belonging to the Leviviridae family have been illustrated to be 
relatively more resistant to disinfection and other treatment processes, exhibiting 
higher survival rates than human viruses such as enteroviruses (Mocé-Llivina et al., 
2003). In another study, RNA phages such as MS2 were found to be least susceptible 
to natural antiviral extracts compared to other human surrogate viruses (Su and 
D'Souza 2011) These studies imply that the antiviral action of the imprinted particles 
on the phages does not represent the general viral population behaviour, and, in fact, 
the antiviral effect of particles may be magnified when applied to human viruses.    
 
5.9. Conclusions 
The work presented in this chapter is the first to report on surface imprinting of whole 
viral templates using miniemulsion polymerization producing imprinted polymers that 
are tested as antiviral agents under real-time infection conditions. Firstly, the 
applicability of miniemulsion polymerization system for imprinting of large 
biomolecules like viruses in aqueous medium was successfully illustrated. A simple 
bacteriophage (fr phages) was employed as the model virus. Virus imprinted 
polymeric nanoparticles were prepared with different functional monomers and 
surface imprinting strategies. The sizes of the imprinted polymeric particles averaged 
about 40 nm and 570 nm for the one- and two-stage imprinting methods respectively. 
During the equilibrium virus rebinding analyses, maximum reduction in template 
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virus concentration was exerted by the imprinted particles as compared to the controls. 
The reduction in virus concentration was due to specific interactions between the 
template viruses and imprinted particles resulting in increased recognition, specific 
adsorption and virus capture. The virus imprinted particles also displayed fast 
adsorption kinetics, reaching equilibrium after 3 h of contact time.   Following this, it 
was hypothesized that the removal of viruses using artificial receptors created through 
the molecular imprinting technique could be applied as an innovative therapeutic 
approach for combating viral infections. In order to prove the novel use of MIPs as 
antivirals, virus-infected host cells were treated with imprinted nanoparticles and the 
growth of the host cells was monitored over a time period. The results showed that 
virus-infected host samples treated with imprinted particles had significantly higher 
host growth rates and concentrations as compared to the control samples. This proved 
that the imprinted particles are able to reduce virus infection significantly in host cells. 
The viral imprints could eventually be applied as antiviral agents in topical, 
extracorporeal or combination treatment therapies providing an economical solution to 

















CONCLUSIONS AND RECOMMENDATIONS 
 
 
The research findings and conclusions from the studies will be summarized in this 
chapter. Specifically, the contributions from the development of imprinted polymeric 
receptors against biomacromolecules and its applications will be discussed. In 
addition, interesting follow-up studies based on preliminary experimental results 
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Molecular recognition is an essential biological process governing the control of 
numerous functions such as respiration and growth. The recognition phenomenon 
exhibited by natural macromolecules like antibodies has been exploited to develop 
useful laboratory tools like enzyme-linked immunosorbent assay (ELISA) and 
affinity-based separations. Molecular imprinting is a simple and promising technique 
that aids in replicating the recognition property of natural systems for which Mother 
Nature took billions of years to develop. Imprinting of large biomolecules like 
proteins, viruses and cells, is currently a challenging area and many novel and 
interesting attempts have been made to create synthetic recognition systems. The work 
reported in this thesis transits from understanding the adsorption behaviour of 
molecularly imprinted materials required for its eventual application as enzyme or 
antibody mimics, to creating artificial receptors with pre-determined selectivity 
towards large structures like viruses and finally applying the artificial receptors as 
antivirals for infectious disease treatment. 
 
6.1. Adsorption behaviour of protein imprinted nanoparticles 
Studies on protein adsorption behaviour of molecularly imprinted polymers (MIPs) at 
solid-liquid interfaces play a critical role in the efficient application of MIPs as 
adsorbents in separation systems. Especially, the information of competitive protein 
adsorption behaviour is significantly important and becomes more relevant in cases 
where the target protein is a weak competitor in the presence of strongly adsorbing 
impurities. In such a scenario, better understanding of the basic factors controlling the 
adsorption patterns under highly competing conditions can assist in the optimization 
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of separation processes. The initial part of the work in this thesis was aimed at 
studying competitive protein adsorption behaviour of imprinted polymeric 
nanoparticles (Research objective 1) and additionally based on the incentive of finding 
if the surface imprinting approach via template immobilization could be able to ‘fit’ 
any type of template protein (Chapter 4).  
 
The usefulness of the imprinting approach based on template immobilization strategy 
was demonstrated by synthesizing core-shell imprinted sub-micrometre particles for 
two different template proteins – lysozyme (Lys) and ribonuclease A (RNase A). The 
protein-immobilized imprinted particles displayed a red-blood-cell-(RBC) like 
morphology with sizes around 500-590 nm. Typically, a protein separation train 
includes filtration, centrifugation, precipitation, followed by highly efficient 
separation methods like two-dimensional (2D) gel electrophoresis and liquid 
chromatography (e.g. affinity type columns) to produce products of desired purity. 
Purification and concentration of target proteins from a crude broth or extract can be 
achieved by packing such imprinted particles into chromatographic columns. With 
favourable properties like magnetic susceptibility, selectivity, adsorption and 
desorption kinetics, these materials can be applied as antibody mimics in a wide range 
of applications such as bio imaging, sensing and separation. The imprinted particles 
were subjected to rigorous adsorption experiments under batch and competing 
conditions to elucidate their adsorbent capacity and template recognition capability. 
The single protein adsorption trend of both the imprinted particles was based on the 
imparted molecular affinity between the template protein and the imprinted polymers. 
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The Lys and RNase A imprinted polymeric nanoparticles (LiMIPs and RiMIPs) 
exhibited superior template protein binding capacity confirming the success of the 
imprinting strategy. However, the adsorption patterns under competitive conditions 
were rather different for the imprinted materials. While significant molecular 
recognition and selectivity was demonstrated and consistently maintained by LiMIPs, 
it reduced for RiMIPs under competitive conditions owing to the competing protein’s 
flexibility and strong cross-protein interactions. From these results, it can be 
understood that adsorption under competitive conditions cannot always be correlated 
to the singular protein trend, showing the highly complex behaviour of competitive 
adsorption. It can also be inferred that the interactions of different kinds of proteins 
with one another and with the surface, their sorption affinities and adsorbent surface 
characteristics collectively determine the final protein concentrations on solid-liquid 
interfaces during a competitive adsorption process.  
 
6.2. Antiviral therapy using virus imprinted nanoparticles 
In the second part of the thesis, it was aimed to prove that the prior protein imprinting 
technique based on miniemulsion polymerization could be extended to imprint large-
sized templates like viruses (Research objective 2). Instead of targeting individual 
proteins, whole viral capsid comprising of numerous protein residues was used in the 
imprinting process. Monodispersed virus imprinted polymeric particles (vMIPs) of 
sizes around 40 nm were first synthesized using ethylene glycol dimethacrylate 
(EGDMA) as a cross-linking monomer, methyl methacrylate (MMA) or methyl 
acrylic acid (MAA) as functional monomers and free viruses as templates via a one-
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stage miniemulsion polymerization method. An alternative surface imprinting strategy 
based on the surface immobilization of the template viruses was adopted to synthesize 
core-shell virus-immobilized imprinted particles (viMIPs) with a unique RBC-like 
morphology for large virus adsorption. In the virus rebinding studies, an excellent 
template virus recognition property, specificity, adsorption capacity, fast and 
favourable kinetics was displayed by the imprinted particles compared to the control 
particles. The virus adsorption trend of the particles synthesized using different 
monomers and imprinting strategies, could be correlated with the percentage of viral 
templates embedded during the imprinting process, with the viMIPs exhibiting 
maximum virus adsorption followed by the vMIPs.   This work is the first report on 
the application of miniemulsion polymerization to prepare nanoparticles having a 
specific surface imprinted memory of viruses.  
 
In comparison to standard antiviral drugs that target the viral protein residues, virus-
infected cells, or viral infection routes, all of which can be rendered non-effective by 
mutations, it was proposed that the imprinted particles that target the whole virus shell 
would be an ideal antiviral agent for effective virus-capture and infection inhibition 
(Research objective 3). In order to prove this nonconventional antiviral therapy, a 
simple bacteria-phage model was employed as the host-virus system and a series of 
infection inhibition assays were performed using virus-infected host cells dosed with 
the imprinted nanoparticles. The virus imprinted particles exhibited remarkable, 
positive antiviral behaviour and significantly hindered viral infection as compared to 
the control particles. The results demonstrated that the virus imprinted particles, in 
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addition to having least toxicity towards the host cells, were able to recognize, adsorb 
and inactivate the target viruses selectively even in the presence of the host cells. The 
simple design, instantaneous fabrication and ease of use of the polymeric particles 
enable easy scale-up and large volume production suitable for pharmaceutical 
applications. Although a complete prevention of viral infection was not demonstrated, 
this work is expected to be the foundation for more path-breaking research on the 
application of MIPs as antivirals in the near future.     
 
6.3. Suggestions for future work 
The work presented in this thesis has exemplified the future potential of 
biomacromolecules imprinted polymers as affinity adsorbents for biomolecular 
separation and as antiviral agents for infectious disease treatment. Despite the rapid 
progress achieved within the molecular imprinting field, very less work has been 
carried out to understand and visualize the mechanism of molecular recognition in 
MIP systems. Studies on the fundamental recognition mechanism using computational 
methods as well as direct approaches of visualization of the imprinted cavities can be 
investigated. Further, studies on the structural and functional integrity of the template 
biomolecules used in the imprinting studies are essential in the practical application of 
MIPs for purification and separation. Following the virus imprinting studies, further 
follow-up work on the characterization of the captured virus viability, optimization of 
viral concentrations, the timing of polymer doses, and host-virus ratio can be explored 
to maximize the antiviral activity of the imprinted particles, to better elucidate the 
mechanism of infection inhibition by the particles and ultimately move on to 
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imprinting medically important viruses.  Previously the investigation on virus 
imprinted particles as antivirals showed that the adsorption process prevented the 
virus from infecting their host cells. In addition to this, it would be advantageous if a 
virus-deactivation methodology is incorporated into the imprinted particles. A 
possible approach to achieve this is through encapsulations of antivirus silver 
nanoparticles. Such modified virus MIPs can be used as viral “sponge” which would 
adsorb, remove and inactivate adsorbed pathogenic viruses from contaminated water 
thereby regenerating the particles for subsequent use.  
 
6.4. Preliminary studies for future work: Incorporation of a virus-
deactivation mechanism 
6.4.1. Synthesis of silver encapsulated virus imprinted nanoparticles 
A first round of experiments to explore the future study (described in section 6.3.1) 
has been performed. Firstly, dodecanethiol (DDT) capped silver (Ag) nanoparticles 
were prepared through a protocol modified from the work by Kang and Kim (1998).  
Silver nitrate solution was reduced in the presence of DDT using sodium borohydride 
in ethanol. The resultant solution was mixed for 2 h and then centrifuged, and the 
supernatant solution was removed and dried. The dried powder was washed with 
toluene and acetone at 4oC and finally vacuum dried. 1 g of the Ag-DDT nanoparticles 
obtained was mixed with the oil phase containing MMA and EGDMA in the first 
stage of polymerization in order to prepare Ag-DDT encapsulated core nanoparticles. 
Subsequently, surface modifications to immobilize the virus and imprinting shell layer 
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synthesis were performed to prepare the Ag-DDT core-shell virus imprinted 
nanoparticles (Ag-viMIPs) as described in Chapter 3: section 3.4.6.  
 
6.4.2. Characterization, virus adsorption and antiviral effects of Ag-viMIPs 
The morphological features of the particles were observed using field emission 
scanning electron microscope (FESEM) and transmission electron microscope (TEM). 
The TEM image of the silver nanoparticles is shown in Figure 6.1a. The particles were 
sized around 10-20 nm and were observed to agglomerate forming large clusters. The 
silver nanoparticles were made hydrophobic with a coating of dodecanethiol to 
enhance the penetration of the silver nanoparticles into the hydrophobic interior of the 
micelles during the first stage of core-shell miniemulsion polymerization. The TEM 
image of the Ag-core particles illustrated the successful encapsulation of silver 
nanoparticles (Figure 6.1b). There were no significant morphological differences 
between the Ag encapsulated imprinted and non-imprinted core-shell particles and 
they were uniformly sized having the characteristic red-blood-cell-(RBC) like 
morphology (Figure 6.1c). The sizes of the particles were measured using dynamic 
light scattering (DLS) and summarized in Table 6.1. Subsequently, virus adsorption 
tests and the effect on host viability using Ag-viMIPs were performed as described 
previously in Chapter 3: section 3.4.7 and 3.4.8. It was found that the nanosilver 
encapsulation does not affect the host cell growth and viability under the experimental 
conditions examined, and the adsorption abilities of Ag-viMIPs were similar to the 
antiviral results obtained for the viMIPs (Chapter 5: section 5.7).  
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Figure 6.1 Transmission electron micrographs of (a) Ag-DDT (b) Ag encapsulated 




Table 6.1 Size measurements of Ag-core particles and Ag-viMIPs using DLS. 
Polymer particles Mean diameter (nm) a   
Ag-core 487.7 ± 3.5 
Ag-viMIP 757.0 ± 8.5 
Ag-iNIP 757.3 ± 5.5 
aPresented as mean ± SD error.  
 
6.4.3. Mechanism of viral inactivation by Ag nanoparticles 
The antimicrobial action of silver and its ions against a broad spectrum of 
microorganisms have been widely reported (Tarimala et al., 2006; Yamanaka et al., 
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2005) and, as a result, various silver products have been produced for use in food 
storage and medical industries. Primarily, silver nanoparticles were widely known 
only as an antibacterial agent, however, few recent studies have reported its 
effectiveness against many viral species (Baram-Pinto et al., 2009; Elechiguerra et al., 
2005). Although the mechanism of viral inactivation by the silver nanoparticles is 
unclear, the mode of action is assumed to be dependent on the silver ions released by 
the nanoparticles into the medium. The silver ions attack the viral nucleic acids by 
cross-linking the polynucleotides and hence preventing viral replication (Kim et al., 
2008; Murphy 1975). There are also reports of silver ions causing viral protein 
denaturation by forming silver-cysteine complexes (Silvestry-Rodriguez et al., 2008). 
However, the release of ions from silver nanoparticles is slow on a time scale of days 
(Kittler et al., 2010) depending on the temperature. Hence, encapsulation of silver 
nanoparticles as a viral-deactivation strategy would result in delayed adsorbed virus 
inactivation. Additionally, the application of such Ag-encapsulated imprinted particles 
for disinfection of drinking water might not be suitable since long-term exposure of 
silver ions is known to cause a disease termed argyria and in some cases result in 
additional adverse health effects (Bowden et al., 2011). As an alternative to 
nanosilver, titanium dioxide (TiO2) nanoparticles can be used in the next phase of 
studies as it has been proved to have antiviral effects (Gerrity et al., 2008). After 
adsorption of viruses, ultraviolet (UV) activation of the encapsulated TiO2 will 
generate free radicals within the nanoparticles to attack and denature viral capsid 
proteins, thus killing the adsorbed viruses. This viral-deactivation method is more safe 
and effective since it produces instantaneous viral inactivation suited for drinking 
water disinfection without producing toxic residuals. 
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